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Chapter 1
Phase-change optical data storage
1.1 Introduction
The net amount of digital information used in the world is increasing rapidly. As a
consequence, there is an urgent need for higher data storage capacities and higher data
transfer rates. This demand has triggered invention of new technologies for efficient data
processing, storage and dissemination. Optical recording technology is among the rapidly
evolving technologies. The currently applied rewritable optical recording technologies
are phase change optical (PCO) recording and magneto-optical (MO) recording. PCO
technology is based on the reversible phase transition between amorphous and crystalline
states of micron size areas of the active layer, usually a chalcogenide alloy. MO recording
is based on switching the magnetization direction of perpendicularly magnetized domains
in a magnetic thin film. The advantages of PCO recording over the MO recording include,
the possibilities of direct overwrite with a single pass of laser spot in combination with
compatibility with read-only systems. In the last 10 years, PCO recording has advanced
remarkably and has become a mature technology for rewritable data storage systems
such as compact disk-rewritable (CD-RW), digital versatile disc-rewritable (DVD-RW),
digital versatile disc-random access memory (DVD-RAM) and digital video recording
(DVR). However, in order for the PCO technology to compete with the conventional
magnetic memory technology efforts should be directed to finding a high-density memory
technology that is performance competitive. In the following section, materials which are
employed in the PCO technology are reviewed . Section 1.3 reviews various aspects of
this technology which are being addressed to make it more competitive in comparison to
other technologies while the objectives of this work are described in section 1.4. The rest
of the thesis is organized as follows. Chapter two is divided into two sections which dwell
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in detail about the theories of crystallization kinetics and x ray- diffraction/reflection
(XRD/XRR) characterizations respectively. Chapter three discusses the experimental
techniques employed in this work. Chapters four, five and six describe the results and
discussions of Ge2Sb2Te5, Ge4Sb1Te5, and Ag5.5In6.5Sb59Te29 thin films, respectively. The
comparison of the properties of these materials is presented in chapter 6 while chapter 7
provides the conclusions and suggestions of further work drawn from this work.
1.2 Phase change recording materials
Research for rewritable optical recording disks involves mainly a search for recording
materials with high performance. Materials which can be stabilized in two different phys-
ical states that exhibit significantly different optical properties therefore have attracted
a lot of interest in recent years due to their potential application in phase change media
technology. These materials are used as the memory device in rewritable phase change
optical discs [Fein71, Akah95, Nobu95]. Many materials have been studied for poten-
tial recording application. Unfortunately most of them have long crystallization times
typically in the order of several hundreds of nanoseconds. Zhou et al. [Zhou01] have
listed most of these materials which are mainly tellurium - or selenium- based alloys,
examples being Ge-Te, Ge-Sb-Te, Ge-Te-Sn-O, Sn-Te-Se, In-Sb-Te, In-Se and Ag-In-Sb-
Te. The currently applied phase change media materials are mainly based on two fami-
lies. They are namely ternary Ge:Sb:Te alloys or quaternary Ag:In:Sb:Te alloys. Several
ternary stoichiometric alloys formed with compositions along the GeTe-Sb2Te3 pseudobi-
nary line [Ohsh96] have been identified as possible candidates for use in erasable discs.
Among these alloys are GeSb4Te7, GeSb2Te4 and Ge2Sb2Te5. Most studies have been
focused on Ge2Sb2Te5 [Frie00,Park99,Weid99,Kim99,Tomi98] due to its excellent prop-
erties regarding the reflectivity change between the amorphous and crystalline state, its
cyclability of recording and erasing, and also its durability at room temperature. This
alloy exhibits two crystalline states, namely a metastable (NaCl structure) and a stable
hexagonal phase [Yama00,Nona00,Frie00,Petr68].
Recently it has been reported [Seo00,Ebin99] that adding dopants to this alloy en-
hances the nucleation probability and hence an increase in the crystallization rate is
obtained. Furthermore, in order to improve the stability of amorphous marks at high
temperature and also to increase the density of the marks, a new alloy has been developed
based on AgInSbTe [Tomi971]. A high density of 12 GB capacity and a high data-transfer
rate of 30 Mbps corresponding to that of a DVD-ROM have been reported using this ma-
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terial [Shin00]. In the year 2000 Aoki [Aoki01] reported attaining 15-18 GB and over 35
Mbps by employing a blue laser diode. Despite the technological use of this material, very
little information has been reported on its properties. Iwasaki et al. [Iwas93] reported
on the structural changes of Ag0.08In0.13Sb0.49Te0.30. Structural properties of Vanadium-
doped AgInSbTe films have also been reported by Duc et al. [Duc95] and Tominaga et al.
[Tomi971,Tomi972]. In this work, we compare the properties in regard to phase change
applications of an AgInSbTe alloy and two alloys of GeSbTe type.
1.3 Challenges
The key attributes for promising rewritable storage media include high storage capacity,
high-speed writing and erasing, adequate number of overwrite cycles, stable marks, suffi-
ciently high signal-to noise ratio, and good recording sensitivity [Sang99]. Therefore the
above areas are the main research and development topics in phase change technology. In
the following sections we discuss how these issues are being addressed.
1.3.1 High storage capacity
Among the ways of increasing the storage capacity is the reduction of bit size. A number
of ways for reducing the bit size have been proposed. Two straightforward ways are by
increasing the numerical aperture (NA) of the objective lens and by reduction of the laser
wavelength λ. The diameter of the diffraction-limited spot is proportional to λ/NA. The
bit size can be further reduced by using a combination of short wavelength laser with a
larger NA lens including a solid immersion lens (SIL) and near-field technology, which is
effectively, surface recording. In a SIL system a conventional objective lens converges the
light onto the SIL, which has the shape of a truncated sphere, such that the laser spot
is focused onto the base plane of the truncated sphere. When the lens is positioned in
close proximity to the disc, the laser energy can be transferred to the disc by evanescent
wave coupling. In the year 2000 Schep et al. achieved 22.5 GB rewritable DVR system
based on an objective lens with a numerical aperture NA = 0.85 and a blue-laser diode
(λ = 405nm) [Sche01].
The second way of increasing the storage density is by dual-layer recording. An 8.5
GB dual-layer phase change rewritable optical disc has been proposed by Nagata et al.
[Naga98]. The third option of increasing the storage capacity is based on multi-level
recording. Basically, multilevel is realized by modulating the reflectivity level. The storage
capacity is expected to increase to 47 GB by using a combination of blue laser light, the
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dual-layer rewritable technology and multilevel recording [Ohta00]. This capacity is
higher than the required capacity of 45 GB needed to replace the video tape recorder
(VTRs). Another method of increasing the storage capacity is super-resolution near-field
structure (Super-RENS) proposed by Tominaga et al. [Tomi99]. The principle of Super-
RENS is well described in [Tomi98a] and [Tomi98b]. They reported a supreme near-field
super resolution down to 60 nm by λ of 635 nm and NA of 0.6. They were able to retrieve
90 nm marks which correspond to a recording density of 60 GB in a 120 mm phase change
disc. These high storage capacities must be accompanied by high rates of data transfer.
Therefore, in the following subsection the development of data transfer rates is presented.
1.3.2 High data rate-reading, writing and erasing
The maximum data transfer rate that can be achieved in PCO recording is strongly
coupled to the kinetics of crystallization of the phase change material. Crystallization
involves two steps namely nucleation and growth. The crystallization rate can therefore be
increased by enhancing the nucleation probability or the growth speed. A number of ways
have been reported on how to increase the crystallization rate. The first proposed option of
achieving high crystallization rate is by using stoichiometric materials which exhibit only
a single crystalline phase. In this way, the time-consuming diffusion processes associated
with phase segregation are avoided [Borg99]. Most of the materials discussed in section 1.2
belong to this category. Among other methods employed for high-speed crystallization
include sandwiching the recording layer between layers (nucleation promoting layers) or
by adding dopants to the phase change layer to enhance nucleation. The dopants are
added in small amounts, to avoid a reduction of the growth speed. The commonly used
nucleation promoting layers are SiC and GeN while the dopants are nitrogen and oxygen.
Fig. 1.1 shows a four-layer stack structure of the conventional phase change disc (a)
and the modified six-layer stack structure (b) reported for high data rate applications.
The commonly used dielectric layers are Si3N4 or a mixture of ZnS and SiO2. It should
be noted that the enhanced nucleation only applies to the GeSbTe systems. This is
argued to be due to the different crystallization processes exhibited by the two alloys
[Zhou01]. These processes are nucleation- and growth-driven for GeSbTe and AgInSbTe,
respectively. High data transfer rates as high as 80 Mbit/s have been demonstrated for the
six layer stack disc structure [Zhou99], [Yama98], [Tiek00], [Borg01] [Sche01]. However,
despite these advances, the rate of data transfer is still less than 100 Mbits which is
sufficient to handle a high-definition television signal.
5 1.3 Challenges
Figure 1.1: Fig. a shows the four layer structure of a conventional optical phase change disc
structure. It is made up of a polycarbonate substrate, 1.− 1st dielectric layer usually ZnS-SiO2,
2.-optical phase change alloy layer, 3. − 2nd dielectric layer and 4.-reflector layer (Al-alloy).
Fig. b shows the modified disc structure designed to improve the data transfer rates and the
overwritability cycles by introducing interface layers between the optical phase change layer and
the dielectric layers. It is composed of a polycarbonate substrate, 1.−1st dielectric layer usually
ZnS-SiO2, 2.−1st interface layer usually GeN or SiC, 3.-optical phase change alloy layer, 4.−2nd
interface layer, 5.− 2nd dielectric layer and 6.-reflector layer (Al-alloy).
1.3.3 Cyclability-number of overwrite cycles
The number of overwrite cycles is another key parameter for the success of rewritable
phase change technology. It has been found that the optical contrast deteriorates with
the number of overwrite cycles. This has been attributed to several causes amongst which
are:
• local changes in thickness and generation of voids in the recording layer due to
material flow along the recording track when irradiated by a laser beam [Okam92]
[Ohta89] [Suzu90],
• sulphur (from the dielectric layer ZnS-SiO2) diffusion into the recording layer due
the multiple overwriting,
• thermal stresses induced in the system during the repetitious overwriting caused
by the microstructural changes in the protective layers resulting into microscopic
defects. The microscopic defects accumulate with the number of overwrites and
subsequently results in optically detectable macroscopic defects which reduces the
signal to noise ratio [Hori96]
• progressive phase separation during the many write and erase cycles.
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The problem of material flow has been addressed by adding dopants in the record-
ing layer. It is worth noting that these dopants are the same elements which are used
to increase the crystallization rates previously described in subsection 1.3.2. Therefore
the importance of doping becomes two fold. It has been suggested that the increase in
overwrite cycles due to doping is due to introduction of impurities in the recording layer
which are assumed to have higher melting temperature than the recording layer. Hence
the impurities remain in solid form as the recording layer melts during recording and
suppress the material flow [Ebin99] [Jeon01]. Ebina et al. [Ebin99] reported achieving
5× 105 overwrite cycles after doping the Ge-Sb-Te layer with 6 at.% of oxygen.
The sulphur diffusion problem has been addressed by introducing an interface layer
between the recording layer and the dielectric layer. This has been optimized by using
the same layers employed for nucleation promoting layers discussed in subsection 1.3.2
(GeN and SiC layers). The improvement of overwritability by these layers is due to the
fact that they have high hardness, high chemical stability, high melting point and possess
highly closed structures [Zhou99], [Yama98]. These characteristics are responsible for the
barrier effect of sulphur to the recording layer. Yamada et al. [Yama98] obtained over
5× 105 overwrite cycles with almost no changes in the reflectivity, signal amplitude and
the jitter by using a GeN interface layer.
The issue of thermal stress can be overcomed by using dielectric layers which can
withstand high thermal stresses and ZnS-SiO2 is a good example of these films. Finally,
the progressive phase separation is avoided by using phase change layers which exhibit
only one crystalline phase. Single-phase GeSbTe alloys generally exhibit higher direct
overwrite cycles than multi-phase AgInSbTe alloys [Borg99].
1.3.4 Archival Life
The archival life of phase change recording media is generally determined by the ther-
mal stability of the recorded amorphous marks. When the disc is stored at an elevated
temperature, the marks may spontaneously recrystalize, resulting in data deterioration.
The stability of glass forming systems against crystallization is often reported in terms
of the temperature interval between the glass transition temperature Tg and the onset
temperature for crystallization Tc, detected during heating a glassy sample at a steady
rate. Another quantity which can be correlated with the thermal stability of glass forming
systems is the activation energy, EA. The activation energy for the phase change should
be higher than the average thermal atomic energy (kBT ). This implies that EA  kBT
which is ≈ 0.025eV at room temperature. The activation energy can be investigated
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by isothermal annealing(see subsection. 2.1.4) or non-isothermal annealing at constant
heating rate (see sec. 3.4).
1.4 Objectives of this work
It is evident from the material aspects that material characterization especially the deter-
mination of crystallization kinetics will play a major role in further development of PCO
technology. The determination of crystallization kinetics and the underlying mechanisms
provides useful information to improve the switching behaviour to enable a higher rate
of data transfer and the development of new materials with superior properties. In this
work we report on preparation and characterization of sputtered Ge2Sb2Te5, Ge4Sb1Te5,
and Ag5.5In6.5Sb59Te29 films and the comparison of their properties in regard to the re-
quirements of phase change technology. The temperature dependence of the structure,
lattice parameters, density, film thickness, induced stress and electrical resistance are in-
vestigated. In addition the influence of capping layers on the kinetics of crystallization is
also studied. Temperature dependent measurements of the electrical resistance have been
employed to study the kinetics of structural changes of these films. This is a fast and
precise method for structural investigation since structural transformations are usually
accompanied with huge changes in electrical resistivity. X-ray reflectivity measurements
(XRR) are used to determine the temperature dependence of thickness, roughness and
the density of the films. The temperature dependence of the film structure is determined
by x-ray diffraction (XRD) while the stress induced during crystallization is determined
by the wafer curvature method. The latter techniques namely XRR, XRD and wafer cur-
vature are all non-contact and non-destructive thin film analysis methods. A combination
of the results obtained from these methods is expected to provide important information
about the crystallization kinetics of the investigated materials.

Chapter 2
Theoretical background
2.1 Theory of phase transformation
In this section we discuss the theory of crystallization kinetics . Studies of crystallization
kinetics are connected with the concept of activation energy. The activation energy in the
glass or amorphous crystallization phenomena is associated with nucleation and growth
processes. Understanding these two processes is necessary in order to control crystal-
lization which is a prerequisite for most applications, as stability against crystallization
and speed of recrystallization determines their effective working limits. The next sections
discuss the theory of phase transformation and the kinetics of nucleation and growth. In
addition the Johnson-Mehl-Avrami (JMA) method for activation energy determination is
presented.
2.1.1 Phase transformation
The thermal stability of a system depends on its free energy (f) which is defined by
f = U + p · V − T · S (2.1)
where U ,p,V and S are the internal energy, pressure, volume and entropy of the system,
respectively. Equation 2.1 can be rewritten as
f = H − T · S (2.2)
where H = U + p · V is the free enthalpy . A system is said to be stable when its free
energy is a minimum. The transformation from an α to a β phase is governed by the
difference between the free energies of the two phases i.e ∆f = fβ − fα. An amorphous
9
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Figure 2.1: (a) The change in free energy as a system transforms from a metastable phase α
to a stable phase β. An activation energy EA is required for this process. b) The dependence
of free energy with temperature as a liquid is cooled forming either an amorphous solid or a
crystalline solid.
phase is usually formed by cooling a liquid sufficiently fast so that no nucleation occurs at
temperatures between the melting temperature Tm and the glass transition temperature
Tg. This fast cooling suppresses crystallization which is the thermodynamically favored
state below Tm, implying that the resulting glassy state is thermodynamically unstable.
If sufficient thermal activation is available, the amorphous phase would therefore crys-
tallize. This is schematicaly illustrated in fig. 2.1 which shows the free energy diagram
for this process. The activation energy EA represents the barrier separating the amor-
phous phase and the crystalline phase. Thus EA determines the kinetics of crystallization.
As mentioned above crystallization involves two processes namely nucleation and growth.
Therefore for a better understanding of crystallization kinetics, we discuss in the following
sections the kinetics of nucleation and growth.
2.1.2 The nucleation kinetics
In homogeneous nucleation, the probability of nucleation occurring at any given site is
identical to that at any other site within the volume of the parent phase. Suppose a small
spherical particle of a new, stable phase appears in the middle of the parent phase. The
total free energy change, ∆f accompanying the formation of this particle with radius r is
given by
∆f = 4pir2γ +
4
3
pir3∆Fv (2.3)
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Figure 2.2: The free energy change during the nucleation of a spherical solid nuclei from a pure
liquid.
where ∆Fv is the Gibbs free energy change per unit volume and γ is the surface energy
per unit area of the interface separating the new and the parent phases. The two terms
of eqn. 2.3 are plotted in fig. 2.2. If ∆Fv is negative, the free energy of the particle passes
through a maximum. As the particle first increases in size, its free energy also increases
until a critical radius, r∗ is reached. Particles of radius less than r∗ will tend to dissolve,
thus lowering the free energy while particles of radius larger than r∗ will lower their free
energy by growing. Particles with r < r∗ and r > r∗ are referred as embryos and nuclei,
respectively. To form a nucleus, the energy ∆f ∗ is required, and here is where thermal
activation enters. Thus, ∆f ∗ is the activation energy. By setting the first derivative equal
to zero, the critical values denoted by superscript ∗, are obtained:
r∗ = − 2γ
∆Fv
(2.4)
and
∆f ∗ =
16piγ3
3(∆Fv)2
(2.5)
For a liquid to a solid transformation, the following simplification usually holds,
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∆Fv =
∆hv(Tm − T )
Tm
=
∆hv∆T
Tm
(2.6)
where ∆hv is the enthalpy change per unit volume and is assumed to be independent of
temperature. Tm is the equilibrium melting point at which ∆Fv = 0, T is the transfor-
mation temperature and ∆T is the degree of supercooling. Combining equations 2.5 and
2.6, we obtain
∆f ∗ =
16piγ3T 2m
3(∆hv)2(∆T )2
(2.7)
Equation 2.7 shows that the activation energy of a crystalline nucleus increases with
increasing melt-crystal interface free energy, decreasing enthalpy of fusion, and decreasing
undercooling. The number of critical sized particles N∗ can be estimated by applying the
Maxwell-Boltzmann statistics and is given by
N∗ = Ntexp
(
−∆f
∗
kBT
)
(2.8)
where Nt is the total number of particles per unit volume of the parent phase and ∆f
∗
is expressed in units of joule per mole. The nuclei grow by addition of atoms. The rate
of addition is proportional to the product of frequency of motion ν into the nucleus for a
single atom and the number of immediate neighbors to the nucleus, s∗. Thus, the rate of
nucleation dN/dt is given by
dN
dt
= N∗νs∗ (2.9)
The motion of atoms into the nucleus is diffusive and therefore
ν ∝ exp
(
−∆fD
kT
)
(2.10)
where ∆fD is the activation energy for diffusion. Equations 2.8, 2.9 and 2.10 combine to
give the temperature variation of the rate of nucleation as;
I =
dN
dt
∝ s∗exp (−(∆f ∗ +∆fD)/kT ) (2.11)
Equation 2.7 shows that ∆f ∗ is a function of temperature and its infinite at the melting
temperature where the melt and the crystal are in equilibrium. Therefore, the nucleation
rate I as given by equation 2.11 is zero at the equilibrium temperature. At temperatures
below the melting temperature, ∆f ∗ is finite. I increases with decreasing temperature,
as ∆f ∗ decreases. Soon, however, ∆f ∗ becomes negligible compared to ∆fD and ∆fD
thus dominate equation 2.11, and I then decreases with temperature. As a result, there
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Figure 2.3: Schematic presentation of the growth of phase 1 into the phase 2 matrix.
is a maximum in the homogeneous nucleation rate which may be considerably below the
melting temperature.
After the formation of the nucleus, it may reduce its total free energy by continuous
growth. Therefore we discuss in the following section the growth kinetics.
2.1.3 The growth kinetics
Growth is the increase in size of the product particle after it has nucleated. For this to
happen atoms have to cross the interface between the two phases. This requires thermal
energy to overcome the potential barrier between the two phases. This is illustrated
graphically in fig. 2.3. The rate of growth of the new phase is determined by considering
the flow of the atoms between the two phases. The rate of flow of atoms u∗ij from phase
i to phase j is given by [Weid00]
u∗ij = niνipiBje
−Ug,ij
kBT i, j = 1, 2. (2.12)
where ni is the surface density of phase i atoms at the interface, νi is the frequency factor
of change from phase i to j, pi is the probability that an atom at the interface successfully
changes its position and joins phase j while Bj is the probability of such an atom staying
in phase j. The difference between u∗21 and u
∗
12 determines the net flux of the atoms. By
assuming that values ni, νi, pi, and Bj for the two phase are equal and assigning these
quantities n, ν, p and B respectively, we obtain
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u∗ = nνpB
(
e
−Ug,21
kBT − e−
Ug,12
kBT
)
= nνpBe
−Ug,21
kBT
(
1− e−
−∆fatom
kBT
)
(2.13)
The growth rate u is obtained by multiplying equation 2.13 by the volume of the atom
Vatom and a factor ξ < 1 [Uhlm72]. The factor ξ accounts for the non-uniformity of atomic
distribution at the interface of the two phases. Therefore the final equation of growth rate
is written as
u = ξnνpBVatome
−Ug,21
kBT
(
1− e−
−∆fatom
kBT
)
(2.14)
The term νe
−Ug,21
kBT in equation 2.14 indicates that the growth rate is inversely proportional
to the viscosity, η . This follows from Uhlmann [Uhlm72] who showed that
νe
−Ug,21
kBT ∝ 1
η
(2.15)
Fig. 2.4 depicts the temperature dependence of the growth rate (u) and the nucleation
rate (I). The growth rate first increases with increasing degree of supercooling, but
eventually starts to decrease as the thermal energy kBT falls. This results in a maximum at
some intermediate degree of supercooling. The maximum growth rate usually occurs at a
higher temperature than the maximum nucleation rate. The overall rate of crystallization
is obtained by combining the rates of nucleation and growth. This is usually described
by a theory derived independently by Johnson and Mehl [JoMe39] and Avrami [Avra39],
now known as Johnson-Mehl-Avrami(JMA) theory. The following section discusses the
JMA theory.
2.1.4 The Johnson-Mehl-Avrami (JMA) transformation equa-
tion
The velocity of crystallization depends on the rate at which stable nuclei form and their
subsequent growth rates. For isothermal annealing, the degree of transformation increases
with time and stops once a minimum in free energy for the system is reached. The velocity
of transformation is strongly temperature dependent. The JMA transformation equation
relates the fraction of the material transformed with time at a constant temperature.
For the case of a homogeneous reaction, it is assumed that the probability of transfor-
mation in any small region in a given time interval will be the same for all such regions
in the untransformed volume. Therefore the volume transformed in an infinitesimal time
interval will be proportional to the volume remaining untransformed at the beginning of
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Figure 2.4: The temperature dependence of the nucleation rate (I), and the growth rate (u).
the time interval. Taking the total volume as VO and the volume transformed in time dt
as V , then the transformation could be expressed as
dV
dt
= k(Vo − V ) (2.16)
leading to
V
Vo
= α(t) = 1− exp(−kt) (2.17)
where k is known as the rate constant and α(t) is the fraction of material transformed
after a time t. Incorporating the nucleation and growth reactions, the equation 2.17 can
be written as [Naza89]
α(t) = 1− exp[−k(t− to)n] (2.18)
where to is the incubation time and the exponent n is the order parameter which depends
upon the nucleation and growth mechanisms. k is usually found to follow an Arrhenius-
type equation of the form
k = koexp
[
−∆E
kBT
]
(2.19)
where ko is a pre-exponential frequency factor. Combining equations 2.18 and 2.19 one
gets
ln {−ln[1− α(t)]} = ln(k) + n · ln(t− to). (2.20)
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Therefore, a plot of ln {−ln[1− α(t)]} versus ln(t− to) at a constant temperature gives a
straight line of slope n and vertical axis intercept ln(k). Equation 2.20 can be rearranged
to read as
ln(k) = ln(ko)− ∆E
kBT
. (2.21)
Thus by obtaining a series of values for ln(k) at different T , one can find ∆E and ko.
The main disadvantages of this method are
• time consuming,
• impossibility of reaching the test temperature instantaneously, and
• no measurements are possible during the time which the system needs to stabilize.
Constant heating rate experiments do not have these drawbacks. These experiments are
interpreted using Kissinger’s analysis (see section 3.4). This method was employed in this
work to investigate the kinetics of crystallization for the three different phase change mate-
rials studied. Furthermore crystallization usually results in changes in physical properties
which can be fully characterized by employing XRR and XRD techniques. The following
section discusses the theory of XRR and XRD characterization techniques.
2.2 Theoretical background of x-ray reflection and
diffraction analysis
2.2.1 X-ray Scattering
X-ray analysis techniques apply the interaction between x-rays and the electrons of the
samples. This implies that x-rays are sensitive to the changes of the electron density of
sample structures. This fact explains the applicability of x-rays for real structure determi-
nation. Two x-ray analyzing techniques namely x-ray diffraction and x-ray reflection have
been employed in this work. In both techniques, the measurement consist of monitoring
the intensity of an x-ray beam diffracted or reflected, respectively, from a sample relative
to the intensity of the incident beam, as a function of the scattering factor ~K, defined
as ~K = ~k0 − ~k′, where ~k0 and ~k′ are the incident and reflected wave vectors respectively.
Fig. 2.5a illustrates the reflection of a plane wave incident at an angle θi, to an ideal
plane interface while fig. 2.5b shows diffraction from crystal planes. The wavelength of
the x-rays are comparable to the distances separating atoms in crystals. The following
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section describes the theory and geometrical methods applied to measure the reflected
and the diffracted intensities.
2.2.2 X-Ray Reflection
We first consider the reflection of an electromagnetic plane wave making an angle of θi
with a perfectly smooth interface of two different materials with refractive indices of n1
and n2 respectively as illustrated in fig. 2.5a. Applying Snell’s law we obtain
n1cos(θi) = n2cos(θr) (2.22)
If n2 > n1 (implying the beam is moving from an optically less dense medium to a
more dense medium) the refraction angle (θr) is real for all incident angles (θi). However,
if n2 < n1, θr is real only for cos(θr) ≤ n2/n1. The critical angle (θi = θc) for total
reflection is defined by θr = 0. Considering an interface between air and another material
where n1 = 1 and n2 = n, from Snell’s equation we get
cos(θc) = n (2.23)
The refractive index of a medium can be calculated from [Gros91]
n = 1− ne
2pi
r0λ
2 (2.24)
where ne is the electron density, r0 = e
2/4piε0mc
2 = 2.818×10−15 m is the classical electron
radius and λ is the wavelength of the electromagnetic wave. Equation 2.24 shows that
for a monochromatic beam, the refractive index n depends only on the electron density of
the medium. The electron density can be replaced by nAtom·˜f where nAtom and f˜ are the
number of atoms per unit volume and the complex atom form factor respectively. nAtom
can be computed from
nAtom = NAΣj
ρj
Aj
(2.25)
where NA, ρj and Aj are the Avogadro’s constant, the partial mass density and the atomic
mass of the jth element respectively. In the hard x-ray range, the index of refraction, n,
is a complex quantity given by [Leng93]
n = 1− δ − iβ (2.26)
where
δ =
NA
2pi
r0λ
2Σjρj
f0,j + f
′
j
Aj
(2.27)
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Figure 2.5: Fig.a and b shows the basic scattering process of x-rays at an interface and crystal
planes, respectively. At the interface of the two media with refractive indices n1 and n2, a part of
the incident beam is reflected while another part is transmitted. The scattering transfer vector,
~K, is normal to the surface plane. Fig.b shows X-rays scattered from the (100) planes of a cubic
crystal.
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and
β =
NA
2pi
r0λ
2Σj
ρj
Aj
f
′′
j . (2.28)
δ and β represent dispersion and absorption, while f˜j = f0,j + f
′
j + if
′′
j is the atomic
form factor. δ and β are positive quantities, of magnitude in the order 10−5 and 10−7
respectively. f’ and f” are referred as the real and imaginary part of the anomalous
absorption respectively, and have been tabulated as a function of the x-ray wavelength
for most atoms [Crom70], [Iber74]. The linear absorption coefficient µ is related to the
absorption β through
µ =
4pi
λ
β (2.29)
Substituting n into equation. 2.23 we get
cos(θc) = 1− δ − iβ (2.30)
Since θc is very small, the cos(θc) term can be expanded up to the second term which
gives cos(θc) ≈ 1 − 12θ2c . Using equation 2.26 and equation 2.23 and assuming negligible
absorption we obtain
1
2
θ2c =
NA
2pi
r0λ
2Σjρj
f0,j + f
′
j
Aj
(2.31)
which reduces to
θc = λ
√
NAr0
pi
ρ
A
(f0 + f ′) (2.32)
for elemental materials. In the hard x-ray range, θc is below 0.5
◦ and depends on the
density of the material. Hence from the critical angle one can deduce the density of the
material.
The reflectivity of x-rays from a smooth and flat surface is given by the Fresnel reflec-
tivity Rf [Stan92]
Rf = |r|2 =
∣∣∣∣θi − θrθi + θr
∣∣∣∣2 (2.33)
This expression holds for s-and p-polarized x-rays and for values of theta near θc, so that
sin(θ) ≈ tanθ ≈ θ. For θ > θc, the reflectivity reduces to simple asymptotic form
R = r2 ≈
{
2θ
θc
}−4
=
{
2K
Kc
}−4
(2.34)
Therefore the reflectivity for an ideal surface is a very strong function of the scattering
vector K−4 above the critical scattering vector. Fig. 2.6 shows the expected reflectivity
curve ( solid line) from a smooth flat silicon surface . For comparison with reflectivity from
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Figure 2.6: XRR patterns of silicon: the solid line pattern is calculated assuming zero rough-
ness while the line with open circles was measured from a silicon wafer.
a non-ideal surface, an experimental curve (open circles) is also presented. The deviation
from the ideal surface reflectivity can be attributed to the gradient of the electron density
profile normal to the surface. The reason is due to presence of surface roughness which
gives rise to a reduction in reflectivity and to diffuse scattering in a wide angular range
around the specularly reflected beam. A general scattering formalism has been developed
that calculates the scattered fields for both specular and non-specular scattering from
non-ideal and layered structures [Nevo80], [Sinh88], [Stea92], [Stea89], [Niel86], [Boer94],
[Boer95], [Leng92] [Holy93]. Nevot et al. introduced a Debye-Waller correction factor (D)
to account for the scattering from the rough surface given as
D = exp(−16pi2sin2θ< z
2 >
λ2
) (2.35)
where < z2 > is the mean square deviation of the real surface from an ideal plane per-
pendicular to the surface. Hence, reflectivity R = Rf ∗D. This shows that the reflection
from non-ideal surfaces results in deviations from the Fresnel reflectivity, but the overall
shape of the spectrum is still dominated by the K−4 or θ−4 dependence of Rf .
So far we have considered reflection from only one interface between vacuum and a
surface. We now consider reflection for a film on a substrate as shown in fig. 2.7. The
reflected waves from the top and the bottom interfaces give rise to interference fringes as
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Figure 2.7: XRR geometry for a thin film on a substrate. Reflection occurs at both interfaces.
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Figure 2.8: Typical XRR pattern of a thin film on a substrate. The density, thickness and
roughness of the film are obtained from the critical angle, period of oscillations and intensity
decay respectively
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observed in fig. 2.8. The positions of the extrema are given by
θm
2 = 2δ + (m+ k)2
λ2
4t2
(2.36)
where m is a whole number representing the order of the extremum, k = 0 or 1/2 for
minima or maxima respectively given that the density of the substrate δsubstrate is less
than the density of the film δfilm or the opposite for the case of δsubstrate > δfilm, while t is
the thickness of the film. Thus, the thickness of the film can be deduced from the period
of the oscillations ∆θ = 2pin/t (where n is the index of refraction of the film ). The range
of thickness that can be analyzed depends on the range of scattering vectors measured
and the resolution. Typically films from 2-250 nm thickness can be readily measured.
The amplitude of the fringes is proportional to the density difference between the film
and the substrate. The intensity of the interference maxima will be increasingly reduced
with increasing reflection angle for rough samples.
2.2.3 X-ray Diffraction
X-ray diffraction was used in this work to determine the film’s crystallinity. The crys-
tal structures were determined for the crystalline films. The temperature dependence of
the film’s crystalline structure was also investigated. Fig. 2.5b shows Bragg scattering
which describes the scattering of x-rays from the lattice planes of a crystalline structure.
Crystalline structures lead to characteristic reflection patterns due to the phase difference
between the photons scattered at each individual lattice plane. The position, shape and
intensity of these reflection peaks provide detailed information about the structural prop-
erties of the sample on an atomic scale. W. L. Bragg (1913) showed that for constructive
interference to occur the condition (see fig. 2.5b)
2dhkl sin θ = λ, (2.37)
must be satisfied. Where dhkl, θ, n, and λ are the interplanar spacing, the angle of the
lattice planes with respect to the incident x-ray beam, order of diffraction, and the wave-
length of the x-ray beam, respectively. This famous equation is referred as Bragg’s equa-
tion. Since a crystal is made up of repeating identical units, we need only to consider
diffraction from a single unit cell to see the effect from the whole crystal. The unit cell
is formed by three basis vectors ~a,~b and ~c. The corresponding three-dimension periodic
structure created by this unit cell is referred to as a Bravais lattice [Ashc76]. The Bravais
lattice consist of all points with position vectorsR of the formR = u~a+v~b+w~c where u, v,
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Figure 2.9: Fig.a shows the Bragg condition in real space. When the path difference
∆ = 2dhklsinθ between rays scattered from parallel planes is equal to a multiple of the wave-
length λ, then constructive interference occurs and a Bragg peak appears at the corresponding
angle θ. Fig.b shows the Ewald construction of the Bragg condition in reciprocal space. If the
difference between ~k0 and ~k
′ is equal to a reciprocal lattice vector G(connecting two lattice
points in reciprocal space), then constructive interference occurs and a Bragg peak appears at
the corresponding angle θ.
and w range through all integral values. It is important at this point to define reciprocal
lattice vectors ~a∗,~b∗ and ~c∗ because from x-ray diffraction experiments we only extract
direct information about the sample structure in reciprocal space. These reciprocal lattice
vectors are defined as follows:
~a∗ = 2pi
~b× ~c
~a · (~b× ~c) ,
~b∗ = 2pi
~c× ~a
~a · (~b× ~c) , ~c
∗ = 2pi
~a×~b
~a · (~b× ~c) . (2.38)
The reciprocal lattice consist of all points with position vectors G of the form Ghkl =
h~a∗ + k~b∗ + l~c∗ where h, k, and l are the Miller indices. The reciprocal lattice has all
the properties of a real lattice. Every reciprocal space vector corresponds to an infinite
number of parallel, equally spaced lattice planes in real space. The normal vector of these
lattice planes has the same direction as the corresponding reciprocal space vector G and
the spacing of the lattice planes is given by dhkl =
2pi
|G| . If the scattering vector
~K (see
fig. 2.5b) is equal to a reciprocal lattice vector G, the Bragg condition for constructive
interference is satisfied. This concept of reciprocal lattice was introduced by Ewald and it
makes the visualization of the Bragg condition extremely easy. Fig. 2.9 shows the Ewald
construction illustrating the Bragg condition.
It is clear from fig. 2.9b that if 2θ is the angle separating incident and diffracted beams
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then
2|k0|sinθ = |Ghkl| = 2pi
dhkl
(2.39)
which leads to
2dhklsinθ = λ (2.40)
otherwise known as Bragg’s law. Hence a point in the reciprocal space is equivalent to an
infinite number of equally spaced parallel lattice planes in a real space.
After establishing the condition for constructive interference, we need to establish the
relationship between the atom positions in the unit cell and the intensity of the Bragg
peaks. This can be easily established by considering how x-rays are scattered first by a
single electron, then by an atom, and finally by all the atoms in the unit cell. J. J Thomson
first showed that the intensity scattered from an electron is
I =
I0e
4
m2er
2c4
· 1 + cos
22θ
2
(2.41)
where I0 is the intensity of the incident beam, e is the charge of the electron,me is the mass
of the electron, c is the speed of light and r is the distance from the scattering electron.
This equation is referred as the Thomson equation. It should be noted that this equation
only addresses coherently scattered radiation. We need now to consider the scattering
of x-rays by an atom. Since the electrons of an atom are situated at different points in
space, the waves scattered by different electrons have a phase difference. Therefore, the
wave scattered by an atom is not simply the sum of waves scattered by its electrons. A
quantity f0 known as the atomic form factor describes the ability of an atom to scatter
x-rays. It is defined as the Fourier transform of the electron density distribution ρe within
a single atom.
f0 =
∫
V atom
ρee
i ~K·~rd3r (2.42)
The function f0 is normalized in units of the amount scattered from a single electron.
Assuming a radial symmetric electron distribution around an atom, f0 can be calculated
by angular integration yielding
f0 =
∫ ratom
0
ρe(r)r
2 sin(Kr)
Kr
dr (2.43)
where K = 4pi(sinθ)/λ. For r = 0 we obtain sin(Kr)/Kr = 1 and the atomic form
factor is equal to the number of electrons in the atom Z, which corresponds to scattering
without phase difference. The same holds for K = 0, which implies scattering in the
forward direction. Increasing the scattering vector results to lower values of f0. Hence,
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the intensity of the scattered radiation decreases with increasing incident angle. The
atomic form factor has to be corrected for anomalous scattering. We correct the normal
scattering factor f0 with a real (∆f
′) and a imaginary (∆f ′′) term. The effective scattering
from an atom will be [Lifs99]
|f |2 = (f0 +∆f ′)2 + (∆f ′′)2 (2.44)
The values of atomic form factor for all elements are well documented [Cull78], [Crom70].
The next larger scattering unit is a unit cell. Each atom in the unit cell will scatter an x-
ray beam of intensity given by the atomic scattering factor f and with a phase depending
on its location in the cell. The scattered waves of all the atoms within the unit cell have
to be added up with respect to their phase difference, resulting in the structure factor F .
F ( ~K) =
∑
j
fje
i ~K·~rj (2.45)
where fj is the atomic form factor of the atom at the position ~rj. Considering the resulting
diffracted wave from a set of planes we can now write
Fhkl =
number of atoms∑
j
fj · exp[2pii(hxj + kyj + lzj)] (2.46)
F is a complex number and it expresses both the amplitude and phase of the resultant
wave. The intensity of the beam diffracted by all the atoms of the unit cell in a direction
predicted by the Bragg law is proportional simply to |F |2 which can be obtained by
multiplying F by its conjugate F ∗. Thus it is easy to show the expected and forbidden
Bragg peaks. We illustrate this with a body centered cubic cell. This cell has two atoms
of the same kind located at 0,0,0 and 1/2, 1/2,1/2 giving a value of
F = fexp(2pii0) + fexp[2pii(h/2 + k/2 + l/2)] = f [1 + exp[pii(h+ k + l)]
F = 2f when(h+ k + l) is even;=⇒ F 2 = 4f 2
F = 0 when(h+ k + l) is odd;=⇒ F 2 = 0 (2.47)
Hence body centered cell will not produce peaks like (001), (111), (210) etc. Table 2.1
shows the possible and necessary absent reflections for the different Bravais lattices as
summarized by Cullity [Cull78].
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Table 2.1: Possible and necessary absent reflections for different Bravais lattices. ∗ These
relations apply to a cell centered on the C face. If reflections are present only when h and
l are unmixed, or when k and l are unmixed, then the cell is centered on the B or A face,
respectively [Cull78].
Bravais lattice Reflections possibly present Reflections necessarily absent
Simple all none
Base-centered h and k unmixed∗ h and k mixed∗
Body-centered (h+k+l) even (h+k+l) odd
Face-centered h, k, and l unmixed h, k, and l mixed
This shows that the positions of the atoms in the unit cell affect only the intensities
but not the directions of the diffracted beams. After showing that the position of the
atoms affect the intensity, its apparent that thermal vibrations will also influence the
scattered intensity. The influence of thermal vibrations should therefore be reflected in
the atomic scattering factor f . A parameter B was introduced by Debye and Waller in
the atomic scattering factor in the form
f = f0exp
(
−Bsin
2θ
λ2
)
(2.48)
The parameter B is defined as a Debye-Waller temperature factor and is related to the
vibrational amplitude, u of the atom by
B = 8pi2u2 (2.49)
Apart from the structure factor and the temperature factor, other factors which in-
fluence the intensity of the scattered beam for the case of a polycrystalline sample or a
powder sample include:
• polarization
• multiplicity factor-
• Lorentz factor
• absorption factor
These factors are well described in the literature [Wool97,Zevi95,Lifs99,Cull78] and
therefore we do not intend to reproduce the description of these factors here. XRD
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patterns give the diffracted intensity versus the scattering angle 2θ. The total or integrated
intensity diffracted by a polycrystalline thin film for a specific reflection is given by
Itot =
∫
[I(θ)− IB]dθ = I0 · C · LP ·B · A · Aa · F 2hkl · nhkl · phkl (2.50)
where I0 is the intensity of the incident x- rays, C is a constant determined mainly
by the scattering power of one electron, LP is the Lorentz - polarization factor, B is the
temperature factor, A is the factor determined by the size of the scattering volume and
the absorption, Aa is the absorption between source and detector outside the sample, Fhkl
is the structure factor, nhkl is the number of equivalent planes (hkl) in the crystal lattice
and phkl is the fraction of crystals with their reciprocal lattice vector (hkl) parallel to the
scattering vector in comparison with a random sample for which p = 1.
Among the quantities that can be extracted from the x-ray diffraction spectrum are:
• angular peak position
• peak width at half maxima (FWHM)
• line profile of the Bragg reflections.
• total intensity
Each of these quantities provide certain information on the microstructure of the thin film.
These include the interatomic distances (lattice parameters and inter-planar spacing),
grain size or thickness, strain and stress, and grain orientations(texture). In the following
sections we discuss how to derive information about our structures from the measured
quantities.
Determination of lattice parameters and density
Lattice constants or d- spacing, characteristics of the symmetry and the dimensions of
the unit cell are determined by inserting the measured angular position θ in Bragg’s
equation. However, precaution should be taken because the x-ray data are always subject
to statistical and systematic errors. The former can be minimized by long counting or
exposures times and by the use of least squares methods. The most common cause of
systematic error in the Bragg angles θ is the offset of the sample centre from the focusing
circle of the diffractometer. An offset ∆R of the sample causes a parallel shift of the
diffracted beam in the Bragg-Brentano geometry given by [Mack67]
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Figure 2.10: The (110 peak) LaB6 measured with optimal alignment and measured with sample
shifted by ±100µm from the center the beam.
∆B = 2∆R cos θ (2.51)
which leads to a shift (in rad) of the measured peak position of
∆2θ = ∆B/R = 2(∆R/R)cosθ (2.52)
where R is the radius of the focusing circle (in our case R =320 mm).
Figure 2.10 shows the shift of the LaB6(110) peak caused by an offset of +100µm and
−100µm from the center resulting in ∆2θ = 0.037◦ and 0.033◦, respectively. These values
agree very well with the calculated value of 0.034◦. Other errors in the θ due to the film
surface flatness and the vertical divergence can be kept quite small.
The d - spacing measured by x-ray diffraction may be affected by the state of strain
in the film. Such strains can be caused by different thermal expansion of the film and
the substrate or by the lattice misfit between the epitaxial layer and the substrate. If the
strain tensor is known, the measured d- spacing can be corrected. We will be discussing
strain and stress in a more detailed way in the following subsection.
From the d -spacings, phases are identified by using JCPDS (Joint Committee for
Powder Data Standards) Powder Diffraction File. The reflections can then be indexed
29 2.2 Theoretical background of x-ray reflection and diffraction analysis
with Miller indices. The best fitting lattice parameters are then obtained by applying
least square methods. This is usually accomplished with the help of computer programs.
We illustrate this by computing the lattice parameters of a LaB6 powder sample which
was used as our standard. The advantage of having used this sample as a standard is due
to the numerous peaks one can obtain in a short range. Fig. 2.11 shows an XRD spectrum
of the powder sample of LaB6. The position of the peaks was determined and the peaks
indexed. This information was fed into a computer program LatCoRef [LatC91] and the
generated data are shown in Table 2.2.
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Figure 2.11: XRD spectrum of LaB6 powder sample showing the indexed peaks and their
angular positions.
An alternative method for lattice parameter determination for a cubic structure is
the graphical method. By plotting 1/dhkl obtained from the various reflections against
(h2+k2+ l2), a straight line is drawn through the data points. The slope S is determined
and the lattice parameter, a obtained from the slope by using the expression a =
√
1
S
.
Fig. 2.12 illustrates the graphical method for lattice determination for the case of LaB6.
A lattice parameter of 4.1569 ± 0.0002 A˚ is obtained and this value compares very well
with the value obtained using the LatCoRef program of 4.1572± 0.0001A˚.
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h k l d(obs) d(cal) ∆d weight 2θ(obs) 2θ(cal) ∆2θ
[A˚] [A˚] [A˚] [◦] [◦] [◦]
1 0 0 4.1596 4.1572 0.0024 1.000 21.344 21.357 −0.013
1 1 0 2.9410 2.9396 0.0014 1.000 30.368 30.383 −0.015
1 1 1 2.4011 2.4002 0.0009 1.000 37.424 37.439 −0.015
2 0 0 2.0789 2.0786 0.0004 1.000 43.496 43.504 −0.008
2 1 0 1.8595 1.8591 0.0004 1.000 48.944 48.954 −0.010
2 1 1 1.6972 1.6972 0.0000 1.000 53.984 53.985 −0.001
2 2 0 1.4696 1.4698 −0.0002 1.000 63.224 63.214 0.010
3 0 0 1.3857 1.3857 −0.0000 1.000 67.544 67.543 0.001
2 2 1 1.3857 1.3857 −0.0000 1.000 67.544 67.543 0.001
3 1 0 1.3146 1.3146 −0.0001 1.000 71.744 71.740 0.004
3 1 1 1.2533 1.2534 −0.0001 1.000 75.848 75.838 0.010
2 2 2 1.2002 1.2001 0.0001 1.000 79.856 79.864 −0.008
3 2 0 1.1530 1.1530 −0.0000 1.000 83.840 83.839 0.001
3 2 1 1.1111 1.1111 0.0001 1.000 87.776 87.785 −0.009
4 0 0 1.0392 1.0393 −0.0001 1.000 95.672 95.663 0.009
4 1 0 1.0083 1.0083 0.0000 1.000 99.632 99.634 −0.002
3 2 2 1.0083 1.0083 0.0000 1.000 99.632 99.634 −0.002
Table 2.2: Computer output file for lattice parameter determination of LaB6 sample. The
obtained lattice parameters are a = b = c = 4.1572 ± 0.0001 A˚ while the obtained angles are
α = β = γ = 90.000◦. The resulting cell volume of 71.845± 0.00232 A˚3 was determined.
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Figure 2.12: Lattice parameter determination by graphical method. 1dhkl versus (h
2+k2+ l2)
for the case of LaB6 sample.
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The x-ray density ρx of the phase can then be determined by using the relation
ρx =
∑ niAi
V NA
(2.53)
where ni and Ai are the number per unit cell and the atomic weight respectively of the
atom i, and Avogadro’s number NA = 6.0249×1023/mole, and V is the cell volume which
is computed from the lattice parameters.
Determination of macrostrains and stresses
Deviation of the measured d−spacing from the strain free bulk material indicates the
presence of macrostrain. Strains and stresses are introduced during
• film deposition,
• heat treatment,
• chemical treatment and
• phase transformation.
Strains and stresses affect
• the mechanical properties of the films and substrates,
• the stability of the film microstructure,
• the adhesion between film and substrate, and also
• the electronic and optical properties.
Stresses can be used to tailor material properties, but often, they are detrimental to
the stability or performance of devices made of thin films. The component of the strain
tensor in the direction of the diffraction vector (hkl) is given by
εhkl = (dhkl − do,hkl)/do,hkl. (2.54)
where do is the interplanar spacing of the unstrained lattice. By applying the Bragg
equation, the above equation can be written as
εhkl = (∆dhkl)/do,hkl = −cotθ∆θ (2.55)
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The corresponding in-plane stress component σ11 is given by
σ11 =
Ehklε11
(1− νhkl) or σ11 = −
Ehklε33
2νhkl
(2.56)
where ε11, ε33, νhkl, Ehkl are the in-plane strain, out-of-plane strain, Poisson’s ratio and
elastic modulus, respectively. The strain tensor is determined by measuring d−spacings of
the film in several directions off the surface normal. Detailed discussion on determination
of stresses in thin films by x-ray diffraction is found in [Segm88], [Clem92], [Noya87],
[Jame80], [With01].
Another method of determining macrostrain is by measuring the sample curvature.
Macrostrain induces elastic deformation on the substrate which results in substrate bend-
ing. The bending of the sample is directly proportional to the stresses (see subsec.3.5).
Besides macroscopic strains and stresses, thin films may also contain microscopic strains
and stresses, varying from crystallite to crystallite or within a crystallite. Microscopic
strains cause broadening of diffraction lines and can therefore be determined by analyzing
the peak profile. Other factors which influence the width of the diffraction peaks include
instrumental broadening, crystallite size and the unresolved CuKα2line . Therefore the
corresponding contributions in peak broadening should be corrected. This is discussed in
detail by Segmu¨ller et al. [Segm88] and Klug et al. [Klug74].
Thickness (crystalline size) determination from peak profile and side peaks
We start by considering two parallel x-ray beams which are coherently scattered from two
atoms from two adjacent parallel planes separated by a distance d. The Bragg condition
predicts constructive interference between the scattered waves when their path difference
is equal to the wavelength λ of the x-ray beams. When the waves incidence angle differs
from the Bragg angle θB by a small amount ε, the path difference between two beams
diffracted from the two atoms is either smaller or greater than λ depending on whether
ε is negative or positive respectively. This causes partial destructive interference which
lowers the resulting amplitude. We will now derive the resulting intensity formula for the
case of an ideal thin film of p parallel lattice planes. We consider a beam incident to the
film surface at an angle (θ+ε). The path difference (∆L) of the two waves scattered from
atoms in the first and second planes is given by
∆l = 2d sin(θ + ε) (2.57)
= 2d(sin θ cos ε+ cos θ sin ε)
= 2d sin θ cos ε+ 2d cos θ sin ε
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by using Bragg equation 2dsinθ = nλ, eqn. 2.57 simplifies to
∆l = nλcosε+ 2d cos θ sin ε (2.58)
Since ε is very small, cos ε ≈ 1 and sin ε ≈ ε eqn. 2.58 simplifies to
∆l = nλ+ 2εd cos θ (2.59)
The corresponding phase difference is given by
2pi
λ
·∆l = 2pin+ 4piεd cos θ
λ
(2.60)
=
4piεd cos θ
λ
(2.61)
We will calculate the amplitude resulting from all the waves scattered from all the
planes by applying a principle of optics, if n equal vectors of amplitude a differ in phase
by successive uniform increments, the resultant amplitude is [Klug74]
an
sinα
α
(2.62)
α being one-half the phase difference between the first and the last vectors of the series.
Since the phase difference of the first and pth planes is
Φ =
4pipεd cos θ
λ
(2.63)
then the resultant amplitude is
A =
ap sin 2pipεd cos θ
λ
2pipεd cos θ
λ
(2.64)
The intensity is given by the square of the amplitude
I = A2 =
[
ap sin 2pipεd cos θ
λ
2pipεd cos θ
λ
]2
(2.65)
which can be written as
Ip(Φ) = (ap)
2 sin
2 Φ
2
(Φ
2
)2
(2.66)
From the first derivative it can be shown that there are maxima when Φ = 2npi and
minima when Φ = (2n + 1)pi. Thus the thickness can be calculated from the points of
minimum or maximum values of intensity. By using the first maximum value we get
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Φ =
4pipεd cos θ
λ
= 2pi (2.67)
since n=1, rearranging this equation gives
pd =
λ
2ε cos θ
(2.68)
But pd is the thickness t of the film, hence
t =
λ
2ε cos θ
(2.69)
The value of the thickness can also be evaluated from the FWHM of the main peak.
The maximum intensity is obtained when ε = 0, thus Io = (ap)
2. At half maximum we
can write
I(Φ)
I0
=
1
2
=
sin2 Φ
2
(Φ
2
)2
(2.70)
which is satisfied when Φ
2
= 1.4 rad.. This leads to
2pipε1/2d cos θ
λ
= 1.4. (2.71)
Then the full angular width at half-maximum intensity of the reflection becomes
βhkl = 4ε1/2 =
4 ∗ 1.4λ
2pipd cos θ
(2.72)
This gives us the Scherrer equation
βhkl =
0.89λ
Lhkl cos θ
(2.73)
where Lhkl is the grain size. The value of Lhkl is same as the thickness of the film for an
ideal film. The grain sizes are usually smaller than the film thickness for non-epitaxial
films.
Considering the case of a real film, the films are usually made of many crystallites
which can have a preferred orientation or a random orientation. Fig. 2.13 shows the two
types of films. The above argument can only be applied to films with preferred orientation.
Another factor to be considered is the size of the crystallites. The size of the crystallites
is usually non-uniform. Assuming that the value of p is arbitrary distributed around the
mean film thickness. Hence the total intensity I(Φ) is given by
Chapter 2. Theoretical background 36
Figure 2.13: Fig. a shows grains having same orientation which can be identified with specific
hkl planes which are parallel to the film surface. Fig. b shows grains with random orientation
where specific hkl planes have random orientation relative to the film surface.
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Figure 2.14: Roughness influence on the side peaks.
I(Φ) =
∑
p
f(p)Ip(Φ) (2.74)
where f(p) is the fraction of the film with p lattice planes. For a Gaussian distribution
f(p) we obtain
I(ε) =
∑
p p
2e−(pd−t)
2/δ2(2pipdελ−1 cos θ)−2 sin2(2pipdελ−1 cos θ)∑
p p
2e−(pd−t)2/δ2
(2.75)
normalized to I(ε = 0) = 1. δ is the standard deviation of the Gaussian distribution
function, t the mean thickness of the film. It can be easily shown that when the summation
over p is replaced by an integral sign the heights and minima of the side peaks do not
depend on the thickness but only on the ratio r = δ
t
. The quantity r is a measure for
the roughness. Fig. 2.14 shows four theoretical curves for the case of (111) peak profile
of a 10 nm Silver film which has a preferred orientation of [111] direction. These profiles
illustrate clearly the influence of the roughness. To observe at least one secondary maxima
the roughness should be less than 20%.
This method of roughness and thickness determination has an advantage over the x-
ray reflectometry measurements especially when working with multilayers since the signal
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Figure 2.15: The (111) peak profile of 10.6nm Ag on glass film with a roughness of 0.95nm
corresponding to an r value of 0.09.
obtained is only from the layer of interest. Hence, it is quite easy to fit the measured
data to the theoretical curve. In x-ray reflection measurements, these values are obtained
from a simulation which is influenced by three parameters namely roughness, thickness
and density from each layer. The high number of variable parameters in XRR simulations
for multilayers make XRR fitting a difficult task.
Fig. 2.15 shows an experimental (111) peak of a sputtered Ag film and the simulated
peak profile. Values of 10.6 nm and 0.95 nm are obtained for the thickness and roughness
respectively corresponding to an r value of 0.09.
2.3 Grain orientation-texture
Preferred orientation of crystallites in bulk and in polycrystalline materials is a vital sub-
ject to many material industries. A good number of these industries are based on the
anisotropic physical properties of the crystallites. A quick way of obtaining information on
the preferred orientation from an ordinary XRD scan is by comparing the observed peak
intensities with calculated intensities. If any radical disagreement between the observed
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and the calculated intensities exists, this is immediate evidence of preferred orientation.
Certain conclusion can be made concerning the texture of the crystallites. For a com-
plete description of the preferred orientation a pole figure measurement is necessary. A
pole figure is simply the intensity of a particular Bragg diffraction line plotted as a func-
tion of the three dimensional orientation of the sample. Pole figure measurements can
therefore only be measured with a diffractometer which can rotate the sample through
all orientations while monitoring the diffracted intensity of the reflection. The results are
displayed as a stereographic projection. Fig. 2.16 shows the expected peak lines from
a normal XRD scan and the pole figure of different types of films. An amorphous film
usually shows broad peaks which is an indication of only short range order. The XRD
pattern of a polycrystalline sample shows all the expected peaks and their relative inten-
sities usually resemble those of a powder sample. Materials with preferred orientations
can either be said to possess fiber or sheet texture. Materials having fiber texture have
rotational symmetry about an axis in the sense that all crystal orientations about this
axis are equally probable. In sheet texture the grains are oriented with a certain crys-
tallographic plane hkl roughly parallel to the sample surface, and in a certain direction
[uvw] in the plane. An ideal example is a single crystal wafer. From a normal XRD scan
one cannot distinguish between the two types of textures. The observed patterns have
strong peaks which can be identified with the same hkl planes for different orders. A pole
figure measurement will provide more information about the type of texture present. For
fiber texture, a possibility exists of observing an extra ring in addition to the main peak
as shown in fig. 2.16 due to the rotational symmetry about the fiber axis while for the
sheet texture distinct peaks can be observed depending on the symmetry of the unit cell
as also shown in fig. 2.16.
2.4 Alternative methods for film characterization
We have discussed in the previous sections how to obtain important information about the
microstructure of thin films from x-ray analysis. The same information can be obtained
from alternative methods. These methods are tabulated in table 2.3
The following chapter discusses the preparation technique and the characterization
techniques employed in this work.
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Figure 2.16: Schematic representation of the real space and the reciprocal space of different
types of films. a) The amorphous film shows no grains and the XRD pattern consist of broad
peaks. b) Shows a polycrystalline film where the crystallites are randomly oriented.The XRD
pattern shows all the expected Bragg lines and the relative intensities are similar to the calculated
intensities of a powder sample. The pole figure shows a broad peak due to the random orientation
of the crystallites. c) Shows a film having fiber texture. All the crystallites have a specific set
of hkl planes parallel to the film surface but with different orientations on the film surface. The
XRD scan shows only the lines from different orders of hkl planes. The corresponding pole
figure shows a strong peak at the center and a continuous ring at a specific angle of ψ. This ring
is due to the random orientation of the crystallites about the fiber axis. d) Shows single crystal
where a specific set of hkl planes are parallel to the crystal surface. The XRD scan shows the
same pattern as for the fiber texture but the pole figure shows no ring as in the case of the fiber
texture. In addition to the strong peak observed at the center, it is possible to observe other
sharp peaks due to the symmetry of the unit cell.
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Film property X-ray method Alternative method
Thickness Total intensity (XRD) Interferometry
Small angle interferences (XRR) Ellipsometry
Grain size Line width (XRD) TEM
Density Bragg angles (XRD) Weighting
Small angle interference (XRR)
Macrostrain Bragg angles (XRD) Strain gauge
Wafer Curvature
Microstrain Line width (XRD)
Line profile (XRD)
Crystal perfection Line width (XRD) TEM
Line profile (XRD)
Preferred orientation Intensity (XRD) TEM
Pole figure (XRD)
Surface roughness Small angle interferences (XRR) AFM, TEM, SEM
Phase identification Bragg angles (XRD) TEM
Table 2.3: Survey of X-ray and alternative methods to characterize various characteristic
properties of the film microstructure.

Chapter 3
Experimental procedures
This chapter describes the experimental methods employed for the deposition and charac-
terization of the different types of films investigated in this work. Direct current (dc)- and
radio frequency (rf)-magnetron sputtering techniques were employed for the deposition
of the phase change and the protective dielectric layers respectively. The analyzing tech-
niques included XRD, XRR, electrical resistivity measurements and stress measurements.
In the following sections the deposition techniques and the aforementioned analytical
techniques utilized in this work are discussed.
3.1 Sputtering
Sputtering is the method of choice for a wide range of coating applications due to its
numerous advantages over other existing film deposition techniques. Among these ad-
vantages is deposition of very homogeneous films on large flat area substrates such as
architectural glass, displays etc. The main disadvantage of sputtering is on material uti-
lization. The material utilization is rather poor because the erosion of a magnetron target
is restricted to the region of the highest plasma density. In the following subsections we
discuss the theory of the sputtering process. In addition the sputtering- system and
procedures are described.
3.1.1 Sputtering process
Sputtering involves ejection of atoms from the surface of a target material by bombard-
ment with energetic particles. The ejected or sputtered atoms condense on a substrate
and form a thin film. When the ejection is due to positive-ion bombardment, it is referred
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Figure 3.1: Processes generated by the impact of highly energetic particles on a target surface
[Chap80].
as cathodic sputtering. In addition to ejection of the target material, other processes
associated with the bombardment of a target by highly energetic ions include:
• secondary electron ejection
• ion reflection at the target surface
• ion implantation, with the ion being permanently buried in the target
• radiation damage in the target with structural rearrangement varying from simple
vacancies and interstitial to more gross lattice defects
• emission of X-rays and photons
These processes are illustrated in fig. 3.1
3.1.2 Glow discharges for sputtering
A cheap and simple source of ions for sputtering is provided by the well known phe-
nomenon of glow discharge due to an applied electric field between two electrodes in a gas
at low pressures. A typical direct current-voltage characteristic of such a diode structure
and its visual appearance are shown in fig. 3.2. The gas breaks down to conduct electric-
ity when a certain minimum voltage is reached. Between the cathode and the anode, the
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cathode dark space is the most important region. Most of the applied voltage is dropped
across it. The ions and electrons created at the breakdown are accelerated across this
region. The energetic electrons produce more ions by collisions with the gas atoms in the
negative glow and the energetic ions strike the cathode to produce sputtering and emit sec-
ondary electrons which are essential for sustaining the glow. The thickness of the cathode
dark space is typically 1 to 4 cm or equal to the mean free path λ of the secondary elec-
trons from the cathode [Shah95] which depends on pressure, p · λ = constant ≈ 10Pacm.
The region of the positive column is nearly field-free. It forms a plasma with negative
and positive charge carrier densities with approximately equal density. Reduction of the
distance between the electrodes results in shrinking of the positive column, while cathode
dark space and negative glow remain unchanged. The distance between the electrodes
can be reduced until the positive column and the Faraday dark space vanish so that only
the negative glow and the dark spaces adjacent to each electrode remain. Such a con-
figuration is typical for the sputtering process where the electrode separation is only a
few times the dark space thickness. Further reduction in distance leads to the extinction
of the discharge. This phenomenon is advantageously utilized in preventing undesired
glow discharges by constructing metal shields at a distance less than the extension of the
dark space [Humm95]. An optimum separation between the electrodes means a large
enough region for the secondary electrons to undergo ionizing collisions before they reach
the anode. However, it should be not so large that the ions that are generated lose their
energy due to collisions and arrive at the cathode with insufficient energy to generate
more secondary electrons.
Effective sputtering is possible only when both the number of ions and their energy
are large and controllable. This is conveniently effected in the abnormal glow discharge
region. The ion energy is less than or equal to the cathode fall (Vc), depending on whether
or not it collides with gas atoms during transit. The average energy, E¯, is given by
E¯ =
2λ
L
· eVc (3.1)
where L is separation between the cathode and the anode. Thus, optimization of the
discharge voltage, pressure and the electrode distance is necessary for effective sputtering.
The sputtering rate which is given by Φo = Ysp · I+ ( where Ysp is the sputter yield and I+
is the ion current) can be increased by increasing the discharge voltage. This is because
the sputter yield depends on the ion energy in form Y ∼ (E)2/3. The limitation is that
the ionization cross-section decreases with increasing electron energy for energies larger
than 100eV. Another way of increasing the sputtering rate at a given voltage is increasing
pressure. By increasing the pressure the ion current is increased. However, if the pressure
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is increased substantially, a decrease in the sputtering rate occurs as the ions are slowed
due to inelastic collisions with the gas atoms and the gas scattering of the sputtered atoms
occurs. The rate is then given by
Φ = Φo
(λp)o
p · L ·
[
1− exp
(
p · L
(λp)o
)]
(3.2)
where (λp)o is a constant (typical value in our experiments is ≈ 150 Pacm).
The dc-glow discharge sputtering is limited to the sputtering of conducting targets. To
sputter insulating targets an rf power source is required. In a general sense, an rf- powered
discharge operates in much the same way as a dc discharge. A high voltage is placed across
the electrodes, which leads to a breakdown and the formation of a plasma. At frequencies
below 50 kHz, an rf-powered discharge operates in much the same way as a dc-discharge
except, the polarity reversal in each cycle and both the substrates and the target are
sputtered. However, above 50 kHz the electrons oscillations cause enough ionization of
the gas to sustain a discharge without necessitating secondary electron emissions. In
addition, the rf voltage can also be coupled through any kind of impedance, removing
the restriction that the electrode be a conductor. A typical rf frequency widely used is
13.56 MHz, which is permitted by international communication authorities for technical
purposes [Voss91]. When the rf discharge is ignited, both the electrodes get negatively
charged alternatively by the electrons which are able to follow the rapidly changing electric
field. Since the ions are too slow to compensate that charge during the next half cycle
of the alternating field, both the electrodes acquire a constant negative charge which
leads to a negative potential with respect to the plasma. For most of the voltage drop
to occur at the target, the target surface area has to be smaller than the anode surface
area [Poin86a], [Poin86b], [Kohl85]. This condition is satisfied easily since not only the
substrate holder plate serves as the anode, but also the chamber wall serves as an effective
electrode. Hence only the target is eroded.
Rf sputtering can be maintained at considerably lower pressures, 1-15 mTorr, than
pressures required for a dc glow discharge [Shah95]. This is attributed to two reasons: first,
the oscillating electrons at high frequencies cause increased collisions with the sputtering
gas resulting in enhanced ionization and secondly, the secondary electrons are not lost. In a
dc discharge, many secondary electrons are lost at the anode before they have contributed
most of their energy to the ionization process. In rf discharge both the electrodes are at
an effective negative potential with respect to the plasma, the electrons are essentially
reflected back and forth between the electrodes until they have utilized most of the energy
for ionization.
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Figure 3.2: a: Current-Voltage relationship for the various types of plasma discharges between
two powered electrodes. [Voss91] b: Glow regions of a dc-glow discharge [Humm95].
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3.1.3 Magnetron sputtering
The sputtering rates for both dc and rf sputtering can further be enhanced by employing
magnetron sputtering. Magnetron sputtering sources can be defined as diode devices
in which magnetic fields are used in concert with the cathode surface to form electron
traps which are configured such that the E × B electron-drift currents can close on
themselves [Thor78a]. The electrons are therefore trapped in a localized region close to
the cathode into an endless ‘race’ track. This results in an increase in the ionization
efficiency which increases the deposition rate. The disadvantage of this technique is on
target utilization. The erosion of the magnetron target is restricted to the region of highest
plasma density. Emission of the sputtered particles is effectively coming only from the
these regions forming a closed path on the target surface. Values of material utilization
between 25-45% have been reported [Humm95]. For detailed literature on magnetron
sputtering the reader is referred to [Wait78], [Thor78a], [Thor78b], [Kay63], [Kell00].
3.1.4 The sputter system
The sputter system used in this work is from Pfeiffer/Von Ardenne Company (LS320S).
This system is specifically manufactured for the deposition of multilayer systems for op-
tical data storage applications. The system is fully computer controlled and is equipped
with four magnetrons. The system has four sample positions. The substrates can either
be rotated continuously above the sputtering target or held stationary above it. A pho-
tograph of the system is displayed in fig 3.3 with the major components labeled. The
system is equipped with a membrane (not shown in the photo) and a turbo-molecular
pump, which can attain a background pressure of 2 × 10−7 mbar. Other facilities include
a sample holder, a high frequency (hf) and two direct current (dc) power generators,
gas regulating valves, pressure measuring gauges, a motor for substrate rotation during
deposition to attain uniform thickness, and shutters for covering targets to avoid cross-
sputtering. The samples are loaded through door (2) which has a window for plasma
monitoring. A schematic representation of inner parts of the sputter chamber including
their connections is illustrated in fig. 3.4. Magnetrons M1 to M3 have a diameter of 10
cm while M4 has a diameter of 5 cm. One of the DC generators (DCG1) is employed
to power magnetron M1 and M2 while the other (DCG2) powers magnetron M4. DCG1
and DCG2 can provide maximum power of 1.5KW and 500W, respectively. Sputtering
of dielectric materials is done by employing magnetron M3 which is connected to a high
frequency generator. The distance between the targets and the substrate is 4 cm and has
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Figure 3.3: Photograph of the sputter system LS320S: (1) Chamber, (2) Door for loading
samples and for viewing the plasma, (3) Motor for rotating the substrates and the apertures,
(4) Turbo-molecular pump, (5) Throttle valve, (6) Gas flow controllers, (7) Manometer pressure
gauge, (8) Baraton pressure gauge and (9) Inlet gas valve for the Turbo-Molecular pump.
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Figure 3.4: A schematic representation of inner parts of the sputter chamber including their
connections: Magnetrons M1 and M2 are connected to DC generator DCG1 while M4 is con-
nected to DCG2. Magnetron M3 is connected to HF-Generator HFG via a matching network.
been optimized for uniform film thickness and high sputter rates. All the electrical and
water connections are external to the vacuum chamber.
3.1.5 Sputter procedure
After loading the system with clean substrates, the chamber was pumped down to a
pressure less than 3× 10−6 mbar. The throttle valve was then closed before introducing
the sputtering gas in the chamber. Closing the throttle valve reduced the pumping speed
during sputtering. An Ar gas with a 99.999% purity was used as the sputtering gas. An
Ar flow rate of 30 sccm was used while depositing most of the films discussed in this
work which gave a pressure of 7.3× 10−3 mbar. A closed aperture was then moved above
the target to be sputtered before switching on power (this applied only for dc sputtering,
for rf sputtering an open aperture was required to ignite the plasma). An optimized
value of power was supplied to the target. The target was presputtered for 5-10 minutes
before the sputtering commenced which was performed with an open aperture. The
aperture was chosen depending on the type of sputtering. A hole aperture was employed
for static sputtering while a correction aperture was used for dynamic sputtering. For
dynamic sputtering the substrates were rotated continuously above the target while for
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static sputtering the substrates were positioned above the target. After sputtering for the
required time depending on the required thickness, sputtering was stopped and nitrogen
gas with a purity of 99.99% then allowed in the chamber to break the vacuum. The above
procedure was carried out using a computer program in order to maintain uniform and
reproducible sputter conditions.
DC magnetron sputtering was used to deposit Ge2Sb2Te5, Ge4Sb1Te5, and
Ag5.5In6.5Sb59Te29 films while rf sputtering was used to deposit ZnS-SiO2, SiO2, and Si3N4
from targets with the corresponding nominal chemical compositions. The composition of
the ZnS-SiO2 target was 60% ZnS and 40% SiO2. The purity of the targets used in
this work was 99.99% except for ZnS-SiO2 and Si3N4 which was 99.9%. Ordinary glass
slides, 150 µm thin glass slides and silicon wafers were used as substrates. Preliminary
depositions were performed to investigate the rate of deposition at different sputtering
conditions and the chemical composition of the resulting films. The chemical analy-
ses were performed by employing Rutherford Backscattering (RBS), Inductively Coupled
Plasma-Optical Emission Spectroscopy (ICP-OES) and Energy Dispersive X-rays (EDX)
techniques. The chemical composition of the Ge2Sb2Te5 films was found to vary slightly
from the nominal composition of the target (i.e Ge2Sb2Te5 =⇒ Ge2Sb2.04Te4.74) while no
deviation was observed for the Ge4Sb1Te5 films. It should therefore be noted that the
actual stoichiometry of our Ge2Sb2Te5 films is Ge2Sb2.04Te4.74. The sputtering rate was
determined by XRR measurements. An Ar pressure of 7.3 × 10−3 mbar and and a power
of 100 W were used to deposit all the films except for ZnS-SiO2 and SiO2 films where a
power of 60 W was employed. The resulting growth rates were determined to be 0.5 nm/s
for Ge2Sb2Te5 and Ag5.5In6.5Sb59Te29, 0.4 nm/s for Ge4Sb1Te5, 0.018 nm/s, 0.010 nm/s,
and 0.013 nm/s for ZnS-SiO2, SiO2, and Si3N4, respectively.
3.2 The diffractometers
Two types of diffractometers were used in this work namely a modified Siemens D500
and a Philips X’pert MRD system. Both diffractometers employ the CuKα radiation
and have two channels for conventional Bragg-Brentano (see fig. 3.7) and grazing angle
geometry(fig. 3.8), respectively. The Philips X’pert MRD system is fully computer con-
trolled and can be used in different configurations depending on the information required.
In addition, one can choose between line or point focus. Line focus is ideal for phase
analysis and reflectometry measurements while point focus is employed for texture and
stress determination. All the slits are programmable except one slit (see fig. 3.5) which
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is employed when performing a reflectometry measurement. The divergence of the x-ray
beam was set to (1/64)◦ and a detector slit of 0.1 mm was used for XRR measurements.
A divergence of (1/64)◦ reduces the beam width to 87 µm, therefore the problem of
over-irradiating the sample at grazing angles is reduced. A divergence slit of 1/2◦ was
employed when performing XRD measurements. A knife edge was employed over the
sample surface when performing XRR measurements of curved samples. The reason for
using the knife edge when performing XRR measurements on curved samples is given
and illustrated in section. 3.2.2. The Siemens D500 diffractometer has been modified
to accommodate a parallel plate-collimator set-up and a LiF-crystal monochromator to
facilitate grazing angle measurements. The results presented in the following subsection
justify this modification. The results compare measurements performed using the Siemens
D500 diffractometer employing the old configuration (Bragg Bretano geometry) and the
modified configuration (grazing angle geometry). In addition to resolving depth struc-
tures it is possible to investigate structures of ultra thin polycrystalline films using this
set-up. This diffractometer is also computer controlled with the exception of the sample
movement in the z-direction. The knife edge facility available in the Philips X’pert MRD
system is a major advantage of the Philip’s system over the modified Siemens D500. This
is because the knife edge is used to reduce the effective beam width thus, reducing the
area irradiated by the beam on the sample surface at grazing angles. Fig. 3.5 and fig. 3.6
show the photograph of the inner parts of the two diffractometers.
3.2.1 The geometrical methods
Two geometrical methods were used to measure the intensity of the diffracted beam
namely a Bragg-Brentano and grazing incidence angle diffraction. The beam path of the
Siemens D500 diffractometer for the two geometries is illustrated in fig. 3.7 and fig. 3.8.
For the Bragg-Brentano geometry also referred as the conventional geometry the sample
is rotated against the primary beam at a constant angular speed, whereas the detector
moves about the specimen at twice the speed. The diffraction angle 2θ is thus always
equal to double the incident angle θ. This type of scan is often referred as a 2θ − θ scan.
Whenever the Bragg condition is fulfilled, the primary beam is reflected by the sample
to the detector. This reflection is only due to the lattice planes parallel to the sample
surface.
In the grazing angle geometry, the sample was fixed at a grazing angle between i.e
0.3-3◦ and a detector scan performed. In this geometry the Bragg reflection from planes
parallel to the sample surface are absent. Bragg reflections occur from other sets of planes.
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Figure 3.5: A photograph of the Philips X’pert MRD system. PRS, PAS and PDS stand for
Programmable Receiving Slit, Programmable Anti-scatter Slit and Programmable Divergence
Slit, respectively. The two beam on the secondary side can pass through Optics 1(Opt.PP) or
optics 2 (Opt.BB) depending on the measuring geometry. The sample can be translated in any
of the three directions.
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Figure 3.6: A photograph of the modified Siemens D500 system. Slits 1 and 2 are divergence
Slits while slits 3 and 4 are anti-scatter slit and detector slit respectively. The sample can only
be translated in the z direction.
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Figure 3.7: Beam path of the Siemens D500 diffractometer for the θ/2θ scan (Bragg-Brentano
geometry). Slits 1 and 2 restrict the radiated sample area, Slit 2 shields the strongly scattered
radiation of the first slit. Slit 3 is used to suppress scattered radiation while slit 4 is the detector
slit. The used slit combination in degrees for slit 1-4 are 0.1,0.1,0.1,0.018 and 0.3,0.3,0.3,0.05
for XRR and XRD respectively. The soller slits restrict the vertical divergence. Ni-Kβ filter is
employed to filter the CuKβ radiation.
Figure 3.8: Beam path of the Siemens D500 diffractometer for the grazing angle diffraction
geometry. The monochromator is a LiF crystal.
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Another point to note is that in this set-up only the near-surface layer is illuminated.
Therefore the produced diffraction pattern revealed the structure of the surface region in
preference to the interior. In other words, the signal to noise ratio for thin film studies is
considerably improved by this arrangement. By varying the incident angle, the changing
penetration depth is used to obtain depth sensitivity. Hence this geometry is not only
well suited for thin film investigations but also for multilayer studies.
Fig. 3.9 and fig. 3.10 show the XRD patterns for a 30 nm TiO2/
14 nm Ag/ 30 nm TiO2/glass sample measured using these two geometries
and a grazing incidence XRD of an annealed multilayer sample composed of
30 nm BiOx/10 nm Ag/30 nm BiOx/glass measured using different values of ω respec-
tively. In Fig. 3.9 the measurement performed using the Bragg-Brentano geometry shows
only one peak while the grazing angle pattern shows all the expected peaks of the TiO2
rutile structure and Ag peaks. The single peak observed in the Bragg Brentano geometry
is the Ag (111) peak. The Ag structure is a face centered cubic and it is known that face
centered cubic metals frequently have a common growth orientation along (111) direction
(texture). This explains why it is possible to observe the Ag peak despite the thin film
thickness of only 14 nm. The film possesses a (111) texture. By applying the grazing an-
gle geometry the irradiated volume of the sample is increased resulting in more intensity
being received by the detector. Hence, all the expected peaks are observed. In addition,
the background is high in the pattern obtained in the conventional method as compared
to the pattern obtained using grazing angle XRD. This is because the penetration depth
is higher for the conventional geometry than in grazing geometry resulting in more signal
from the substrate when the latter geometry is applied. Therefore this figure demon-
strates two clear advantages of grazing angle XRD over the conventional method. The
depth sensitivity of grazing angle measurement geometry is clearly displayed in fig. 3.10.
The pattern obtained for a grazing angle of 0.4◦ shows peaks of only the top BiOx layer
which has been identified to be β-Bi2O3. Additional peaks are observed in the pattern
obtained using a grazing angle of 0.45◦. These extra peaks are attributed to diffraction
at the second layer which is Ag and the third layer which is BiOx. At this angle the
peaks from the third layer are very weak but well pronounced in the pattern obtained
with a grazing angle of 0.75 degrees. The structure of the third layer has been identified
as γ-Bi2O3 and thus is different from the structure of the top layer. This demonstrates
how powerful grazing incidence XRD is in resolving the depth profile of the film structure.
However, despite all these advantages of grazing angle geometry over Bragg-Brentano one
major disadvantage of this geometry is that it can not be applied for textured films. This
geometry can only be applied to polycrystalline samples without strong texture.
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Figure 3.9: The above figure shows the θ/2θ scan of 30 nm TiO2/14 nm Ag/30 nm TiO2/glass
sample. Only a single peak from Ag 111 planes is observed. The lower figure shows a grazing
angle measurement ω = 0.55◦ pattern. Crystalline peaks from TiO2 rutile structure and silver
peaks are observed.
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Figure 3.10: The figures shows the grazing angle measurement patterns performed on
30 nm BiOx/10 nm Ag/30 nm BiOx/glass sample at different grazing angles ω. The corre-
sponding ω value is indicated in the respective figures.
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Figure 3.11: Solid line shows the dependence of X-ray penetration depth on the incident angle
ω assuming 99% extinction. The dash double dotted line shows the intensity decay of a beam
incident at an angle of 0.75◦, while the dashed single dotted line displays the fraction of the
total diffracted intensity contributed by a surface layer of depth equivalent to the penetration
depth (µ = 1401 cm−1).
The grazing angle set-up was preferred due to the above advantages over the Bragg-
Brentano geometry. The sample was aligned at the centre of the beam as discussed for
the case of an XRR alignment in following section. A grazing angle ω of 0.75 degrees was
used unless specified otherwise. At this angle, the x-ray penetration depth was adequate
to probe our films. To illustrate this, the variation of the penetration depth of CuKα1
radiation in Ge2Sb2Te5 films with the incident angle is presented in fig. 3.11. A grazing
angle of 0.75◦ gave a penetration depth of around 280 nm for 99% extinction. In addition,
the intensity decay with penetration depth of a beam with an incident angle of 0.75◦ is also
shown. Also presented in the same figure is the fraction of the total diffracted intensity
contributed by a surface layer of thickness equal to the penetration depth assuming a
0.75◦ incident angle. It is worth noting that a film with a mere thickness of 110 nm is
required to contribute more than 90% of the total diffracted intensity.
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3.2.2 X-ray reflectometry- sample alignment
To determine thickness, density and roughness to a high accuracy, it is essential to pre-
cisely align the sample position with respect to the x-ray beam. The sample is mounted
on a vertical sample stage. The sample is first aligned in the direct beam by setting the
detector angle 2θ to zero and translating the sample holder so as to halve the intensity
(I0/2) of the direct beam. The parallelism of the sample surface with the direct beam
is ensured by rotating the sample about it axis (omega scan). During the omega scan,
the edges of the sample cut the remaining half of the beam and the intensity received by
the detector steadily decreases with the sample rotation. If the intensity increases during
the rotation of the sample, the sample surface is too far from the beam and it must be
moved closer until the intensity decreases to half the total initial intensity. The omega
value giving half the total intensity is set to be the zero value. A Psi scan provides further
optimization of the parallelism of the sample face with the direct beam. The sample is
moved slightly further into the beam (e.g 30µm) before a Psi scan is performed. At this
position, the detector should collect minimum intensity since the sample is preventing
most of the photons from reaching the detector. Thus, during the Psi scan a minimum
value is expected when the sample surface and the beam are parallel. This is attributed to
the Gaussian shape of the direct beam implying that the sample opens for more photons
to reach the detector when the sample surface and the beam are not parallel. This is
illustrated very nicely with diagrams by H. Weis in his PhD thesis [Weis01]. The sample
position is then shifted until the detector records I0/2 counts. Once this procedure has
been carefully followed the alignment is checked by a reflectivity measurement near the
critical angle. The detector is rocked at an angle of 2θ i.e 2θ = 0.4◦ and an omega scan is
performed (here referred to as a rocking curve). A single peak is expected at omega =0.2◦
and deviation from this indicates mis-alignment of the sample and should be corrected.
These measurements also give information about the curvature of the sample’s surface.
Fig. 3.12 shows the rocking curves performed at 2θ = 0.4◦ for three different samples. The
peaks have different maximum intensities as well as peak widths (FWHM). In comparison,
higher maximum intensity implies a lower value of FWHM and vice versa. The peaks can
be attributed to samples with concave, flat and a convex surfaces respectively. A concave
surface converges the beam while a convex surface diverges the beam resulting in very
high and low intensities respectively. In addition, these curves shows smooth peaks which
indicates that the samples have uniformly curved surfaces which is not always the case.
Fig. 3.13a depicts a typical rocking curve obtained from a sample with non-uniformly
curved surface. Several peaks are observed which are attributed to the different regions of
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Figure 3.12: Rocking curves from samples with concave, convex and flat surfaces as labeled in
the insert.
Figure 3.13: Fig.a shows a typical rocking curve of a sample with non-uniform curvature while
fig.b compares the rocking curves measured with and without employing a knife edge.
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Figure 3.14: An XRR pattern obtained employing a knife edge for a non-uniformly curved
sample.
the sample surface with different radius of curvature. XRR measurements for such samples
are quite difficult if not impossible to fit. This also applies to XRR measurements for
samples which are highly curved. This is explained by the difficulty task of measuring the
grazing angle against such sample surfaces accurately which is a necessary condition for
precise the density determination. Thus, difficulties in achieving a good sample alignment
are usually experienced. This problem can be overcome by using a knife edge which is
placed above the sample surface. The knife edge reduces the size of the beam resulting
in a small area of the sample being radiated by the beam. Fig. 3.13b shows rocking
curves measured with and without a knife edge. The rocking curve measured without the
knife edge shows several peaks which disappear when the knife edge is employed. The
XRR measurements performed employing a knife edge are usually easy to fit and all the
three quantities namely density, thickness and roughness are obtained with a very high
precision. The density and the thickness are determined with a precision better than
0.05 g/cm3 and 1 A˚, respectively. An example of a good XRR data together with the
simulated data is as shown in fig. 3.14.
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Figure 3.15: Circuit diagram for resistivity measurement principle - van der Pauw method
[Pauw58].
3.3 Electrical resistivity measurements
The temperature dependence of electrical resistivity measurements were employed as a
fast and precise way of determining the film state and also the kinetics of crystallization.
Crystallization is usually accompanied by a huge drop in resistivity. This drop is used
to define the crystallization temperature with high precision. The electrical resistivity
was determined from sheet resistance measured by employing a four-point probe setup
following the procedure proposed by van der Pauw [Pauw58]. This set up was assembled
by M. Henke and H.-W. Wo¨ltgens and its operational principles are discussed in detail in
their Diplomarbeiten [Henk98,Woelt98]. The experimental arrangement of van der Pauw’s
method is schematically shown in fig. 3.15. A current I is applied through contacts 1 and
2 and the potential drop U43 across contacts 4 and 3 is measured. Then the same amount
of current I is applied through contacts 1 and 4 and the potential drop U23 across contacts
2 and 3 is measured. The sheet resistance Rs is then determined by [Pauw58]
Rs =
pi
ln(2)
· F ·Q · U43 + U23
2I
(
Ω
square
)
. (3.3)
where F and Q are the symmetry and correction factors respectively. For U23 ≤ U43
Q = U43
U23
while Q = U23
U43
for U23 ≥ U43. F is a function of Q given by
F = 1− 0, 34657
(
Q− 1
Q+ 1
)2
− 0, 09236
(
Q− 1
Q+ 1
)4
. (3.4)
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The resistivity, ρ is computed from
ρ = Rs · t t = film thickness. (3.5)
Other permutations in the resistivity measurement are obtained by rotation of the indices
in fig. 3.15 and the equation 3.3. The setup allows to monitor the sheet resistance upon
annealing in an argon ambient. The sample temperature was measured by a NiCr-Ni
thermocouple thermometer.
3.4 Determination of activation energy of crystalliza-
tion
The knowledge of the activation energy can help in getting a deep insight on the phase
transformation process. Although the kinetics of crystallization depend on a variety of
parameters, the crystallization temperature, Tc and the activation energy, Ea can be used
to ensure the stability of a glass forming system against crystallization. Generally Tc and
Ea of a phase change material are used as a first indication of its archival life stability.
Here, we discuss the procedure and analysis employed in this work to determine the
activation energy of crystallization. The activation energy, Ea was determined from the
variation of the crystallization temperature (Tc) with heating rate, β = dT/dt, by employ-
ing Kissinger analysis [Kiss57], [Star96]. The analysis assumes that the transformation
rate (dx/dt) is a product of two functions, one depending purely on the temperature, T,
and the other on the transformed fraction, x.
dx
dt
= k(T ) · f(x). (3.6)
For a thermally activated process
k(T ) = k0 · exp(−Ea/kBT ) (3.7)
where k0 is a pre-exponential factor, Ea is the effective activation energy of the process,
and kB is Boltzman’s constant. Equation 3.6 is solved by separating the variables and
integrating, which give∫ xc
0
dx
f(x)
=
k0
β
∫ Tc
0
exp(−Ea/kbT )dT = k0Ea
βkB
∫ ∞
yc
exp(−y)
y2
dy. (3.8)
where the following substitutions have been made, y = Ea/kBT and yc = Ea/kBTc. Tc is
the temperature at which a fixed fraction, xc has been transformed and β =dT/dt is the
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heating rate. Since yc  1 ( for the majority of solid state reactions, 15 ≤ yc ≤ 60 ) the
term
∫∞
yc
exp(−y)
y2
dy in equation 3.8 is assumed to be exp(−y)
y2
. By taking the logarithm of
equation 3.8 and using the above assumption one obtains
ln
∫ xc
0
dx
f(x)
= ln
k0Ea
kB
+ ln
1
βy2c
− yc. (3.9)
For a constant transformed fraction, x, this leads to
ln
β
T 2c
= − Ea
kBTc
+ C. (3.10)
where C depends on the transformation stage and the kinetic model. A plot of ln(β/T 2c )
against 1/Tc yields a straight line of slope (−Ea/kB).
3.5 Determination of mechanical stress
To fully optimize thin film performance, a fundamental understanding of the causes and
effects of thin film stress is needed. In phase change technology one cause of mechanical
stress in active films is the phase transformation. Determination of the induced stress
upon phase transformation is of crucial importance since this will give some insight on
the mechanisms of the transformation and limitations for the cyclability of the material.
The induced stress during crystallization was measured with a locally assembled
set-up based on the well-known curvature measurement method using a He-Ne laser. The
set up is described in detail by Aretz [Aret99]. The induced stress (σ) was determined
by detecting changes in the substrate curvature during post deposition annealing. These
quantities are related by Stoney’s equation [Ston09] which is written as
σ =
1
6
(
Es
1− νs
)
ts
2
tf
(
1
R
− 1
R0
)
(3.11)
where Es/1− νs is the biaxial modulus of the substrate, ts and tf are the substrate and
the film thickness, respectively and R0 and R are the curvature of the substrate at room
temperature and after heating to a temperature T, respectively.
The wafer curvature was measured by a laser scanning technique using a rotating
mirror. This is a frequently used technique to determine the stresses within coatings and
layers.

Chapter 4
Results and discussion-Ge2Sb2Te5
Ge2Sb2Te5 is already used as the recording layer in commercially available products such
as powerful optical disk system (PD) and digital versatile disk-random access memory
(DVD-RAM). This is due to its excellent properties such as high reflectivity change be-
tween the amorphous and crystalline state, its cyclability of recording and erasing, and
also its durability at room temperature. This alloy exhibits two crystalline states, namely
a metastable (NaCl structure) and a stable hexagonal phase. It has been reported that
addition of dopants to this alloy enhances the nucleation probability and hence increases
its crystallization rate. Understanding the physics behind the good properties of this
material is a prerequisite for performance improvement of this material and also for the
search of a new material with superior properties. In this chapter, the physical and electri-
cal properties of dc sputter-deposited Ge2Sb2Te5 thin films are presented and discussed.
The phase transformations of these films upon annealing and the corresponding stress
build-up are also presented and discussed.
4.1 Phase transformations
It has been demonstrated previously that the temperature dependence of the electrical
resistivity offers a fast and precise method to investigate structural transformations of
phase change materials [Frie00], [Hern00]. This method applies the huge change in elec-
trical resistivity associated with structural transformations to determine precisely the
phase transformation temperature. We employ this technique to obtain fast information
about the structural state of Ge2Sb2Te5 films. A locally assembled 4-point probe set-up
was employed to measure the sheet resistance of the films upon annealing in an argon
atmosphere to avoid oxidation.
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Figure 4.1: Temperature dependence of the sheet resistance Rs for a 85 nm thin film obtained
for a heating rate (dT/dt) of 3 K/min. The dotted lines denote the position of the phase
transition temperatures Tc.
Fig. 4.1 shows the dependence of sheet resistance on temperature for an 85 nm thin film
obtained using a heating rate of 3K/min. The sheet resistance of the as-deposited film is
about 35MΩ/2 which corresponds to a resistivity ρ of 280 Ωcm. The sheet resistance de-
creases continuously in the lower temperature range followed by an abrupt drop at around
150 ◦C. The continuous decrease of sheet resistance up to around 150 ◦C is reversible but
irreversible after the abrupt drop observed at around 150 ◦C. Further annealing results
in a gradual decrease before a second steep drop is observed at around 330 ◦C. At higher
temperatures the sheet resistance tends to be constant. Upon subsequent cooling to room
temperature a monotonic decrease is observed which is a characteristic of semimetallic
films. The total reduction in sheet resistance is of six orders of magnitude. The ob-
served sudden drops in sheet resistance are attributed to phase transformations which are
accompanied by a pronounced change in electronic structure.
Fig. 4.2 shows a curve of the derivative of sheet resistance with respect to temperature
versus temperature in the transition regions. The phase transition temperatures are
defined at the minimum of such curves. Values of 157◦ and 331◦ are obtained for the
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Figure 4.2: The derivative of Sheet resistance with respect to temperature versus temperature
curve for a 85 nm thin film obtained for a heating rate (dT/dt) of 3 K/min. Fig. a and b displays
the first and the second transition regions respectively. The dashed line shows the local minima
which is used to define the transition temperature.
two transitions observed in fig. 4.1. To confirm that these sudden drops are due to
phase transitions, XRD measurements were performed on samples annealed at different
temperatures. In addition, the structure information is supposed to provide an insight
about the rate of crystallization. Since crystallization involves an atomic diffusion process,
structures with a short atomic diffusion distance are necessary for fast crystallization.
4.2 Temperature dependence of film structure
Fig. 4.3 displays some of the XRD spectra obtained from an as-deposited film and two
samples annealed at temperatures of 170 ◦C and 380 ◦C. Two broad peaks are observed in
fig. 4.3a confirming an amorphous phase for the as-deposited films. The XRD spectrum
displayed in fig. 4.3b shows crystalline peaks which have been identified as a face centered
cubic (fcc) structure with a lattice parameter of 6.016±0.002 A˚. The observed and calcu-
lated peak positions and the corresponding d spacings are tabulated in table 4.1. XRD
patterns measured from samples annealed in the temperature range between 140-270 ◦C
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are all similar.
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Figure 4.3: X-ray diffraction scans of 200 nm Ge2Sb2Te5 films deposited on a glass substrate
performed on samples annealed at different temperatures. All measurements were performed
under a grazing angle θ of 0.75◦ a) as-deposited sample, b) annealed at 170 ◦C for 30 min, and
c) annealed at 380 ◦C for 5.5 hrs.
Fig. 4.4 shows the dependence of lattice parameters with the annealing tempera-
ture. A decreasing trend in the lattice parameter is observed upon annealing at higher
temperatures. A lattice parameter of 6.000±0.001 A˚ was determined for a sample an-
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h k l d(obs) d(cal) ∆d 2θ(obs) 2θ(cal) ∆2θ
1 1 1 3.4639 3.4732 -0.0094 25.698 25.627 0.071
2 0 0 2.9989 3.0079 -0.0090 29.768 29.677 0.091
2 2 0 2.1242 2.1269 -0.0027 42.523 42.467 0.056
3 1 1 1.8119 1.8138 -0.0019 50.317 50.261 0.056
2 2 2 1.7349 1.7366 -0.0017 52.718 52.663 0.055
4 0 0 1.5043 1.5040 0.0004 61.602 61.619 -0.017
3 3 1 1.3794 1.3801 -0.0007 67.892 67.854 0.038
4 2 0 1.3456 1.3452 0.0005 69.841 69.869 -0.028
4 2 2 1.2288 1.2280 0.0008 77.638 77.701 -0.063
Table 4.1: The observed and calculated peak positions and the corresponding d spacing of an
XRD measurement performed on a sample annealed at 170◦C.
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Figure 4.4: The dependence of lattice constants on the annealing temperature (cubic phase).
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nealed at 260 ◦C. However, these values compare well with those reported by Yamada
et al. [Yama00] and Nonaka et al. [Nona00] of 6.025 A˚ and 6.0117 A˚, respectively. Yamada
et al. and Nonaka et al. have in addition also determined the atomic positions within the
unit cell. The atomic distribution within the unit cell is illustrated in fig. 4.5. While the
4(a) site of the NaCl structure is only occupied by Te, the 4(b) site is randomly occupied
by Ge, Sb and 20% vacancies. This structure can explain why Ge2Sb2Te5 has a high
crystallization rate. The formation of a highly symmetrical cubic phase contributes to
shortening of the atomic diffusion during crystallization since the atomic distribution in
the cubic structure closely resembles that of the isotropic amorphous state.
Now equipped with the information of atomic positions we can determine the expected
density of the crystalline film from the measured lattice constants. Comparing this density
with the density determined from XRR, information about the porosity of the films is
obtained. This calculation is discussed in detail in sec. 4.4 where the density results are
presented.
Fig. 4.3c also shows crystalline peaks identified as a hexagonal structure with lattice
parameters of a = 4.223±0.001 A˚ and c = 17.202±0.007 A˚. The observed and calculated
peak positions and the corresponding d spacing are tabulated in table 4.2. The lattice
parameters are in good agreement with values reported by Petrov et al. [Petr68] of a =
4.2±0.02 A˚ and c = 16.96±0.06 A˚. Petrov et al. [Petr68] proposed nine stacked cyclic
layers; -Te-Sb-Te-Ge-Te-Te-Ge-Te-Sb-. This is further supported by a simple theoretical
model proposed by Gaspard et al. [Gasp92] for determining crystal structures of com-
pounds on the right hand side of the Periodic table. They proposed that the structure
of these compounds can be determined by a single parameter, the electron filling ratio of
the p-band. They show that if the p filling ratio (the relative occupancy of the p band)
is expressed as a ratio n/m (where n and m are relative prime numbers) the structure
undergoes an m-merisation of the cubic structure. Hence the most stable structure is a
m-merized structure. Applying this argument to the case of Ge2Sb2Te5, the Ge, Sb, and
Te electron contributions to the p band filling are 2 ∗ 2/9, 3 ∗ 2/9 and 4 ∗ 5/9 respectively.
This translates to a p filling ratio equal to 5/9. Hence a stable structure with nine layers
is expected. The atomic distribution in the unit cell is illustrated by fig 4.6 where the
nine layers are clearly shown.
Fig. 4.7 shows the variation of lattice parameters of the hexagonal phase upon anneal-
ing at different temperatures. The a value increases slightly with increase in annealing
temperature while the c value decreases. As a consequence the volume of the unit cell is
almost kept constant at an average value of 265 A˚3.
This confirms that the first abrupt drop in sheet resistance corresponds to a phase
73 4.2 Temperature dependence of film structure
Figure 4.5: The atomic distribution in the unit cell. Te occupies the 4(a) site while the 4(b)
site is randomly occupied by Ge, Sb and 20% vacancies.
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h k l d(obs) d(cal) ∆d 2θ(obs) 2θ(cal) ∆2θ
0 0 4 4.2802 4.3006 -0.0205 20.736 20.636 0.100
0 0 5 3.4342 3.4405 -0.0063 25.924 25.876 0.048
1 0 2 3.3537 3.3654 -0.0117 26.557 26.463 0.094
1 0 3 3.0801 3.0833 -0.0032 28.966 28.935 0.031
1 0 4 2.7878 2.7859 0.0019 32.080 32.103 -0.023
1 0 5 2.5001 2.5058 -0.0058 35.891 35.806 0.085
1 0 6 2.2520 2.2563 -0.0043 40.003 39.924 0.079
1 1 0 2.1073 2.1113 -0.0041 42.882 42.795 0.087
1 0 7 2.0398 2.0397 0.0001 44.374 44.376 -0.002
0 0 9 1.9080 1.9114 -0.0033 47.621 47.533 0.088
1 0 8 1.8533 1.8536 -0.0003 49.120 49.110 0.010
1 1 5 1.7986 1.7995 -0.0009 50.717 50.689 0.028
2 0 3 1.7385 1.7421 -0.0036 52.603 52.486 0.117
0 0 10 1.7209 1.7202 0.0007 53.180 53.203 -0.023
2 0 6 1.5424 1.5416 0.0008 59.923 59.955 -0.032
2 0 7 1.4685 1.4670 0.0015 63.278 63.350 -0.072
1 0 11 1.4384 1.4379 0.0005 64.761 64.784 -0.023
1 1 9 1.4167 1.4170 -0.0003 65.875 65.861 0.014
2 1 3 1.3432 1.3437 -0.0005 69.985 69.956 0.029
2 1 6 1.2456 1.2451 0.0005 76.402 76.440 -0.038
3 0 0 1.2189 1.2190 -0.0001 78.389 78.384 0.005
2 1 7 1.2054 1.2047 0.0007 79.438 79.495 -0.057
Table 4.2: The observed (obs) and calculated (cal) performed on a sample annealed at 380◦C.
The deduced lattice parameters are a = 4.223± 0.001A˚ and c = 17.202± 0.007A˚.
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Figure 4.6: The atomic distribution in the hexagonal unit cell. The nine stacked layers are
clearly visible -Te-Sb-Te-Ge-Te-Te-Ge-Te-Sb-.
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Figure 4.7: The temperature dependence of the lattice constants of the hexagonal phase. Fig:
a and b shows the a and c values respectively.
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transition from an amorphous phase to a crystalline cubic structure while the second
pronounced drop is caused by the transition from a cubic to an hexagonal structure.
Ge2Sb2Te5 can therefore be stabilized in two crystalline phases. However, for laser an-
nealed Ge2Sb2Te5 samples, Chiang etal. [Chia99] have shown that due to the high heating
rates of laser annealing, the only possible transition is from the amorphous to the fcc struc-
ture and vice versa during the short write and erase cycles. This has been attributed to
the high transition temperatures for the phase transition from NaCl to hexagonal struc-
ture. In addition the long diffusion distance associated with the transformation to the
hexagonal phase favors the formation of the NaCl phase. Therefore the problem of NaCl
phase and the hexagonal phase coexisting which might reduce the signal to noise ratio
does not occur on this time scale.
4.3 Kinetics of the structural transformations
Now that XRD has established that there are two irreversible structural changes at around
150 and 330◦C which are thermally activated, we can use resistance measurements to
determine the activation barrier for crystallization. In fig. 4.8 the temperature dependence
of sheet resistance obtained using different heating rates (dT/dt) for the first transition
is shown. The heating rates for each curve are indicated in the insert.
The sudden drop in the sheet resistance is observed in the range from 140 to 160◦C. A
shift in the position of the steep decline in sheet resistance and therefore a shift in the phase
transformation to higher temperatures with increasing heating rate is clearly visible. Such
measurements allow the determination of the activation energy Ea of the transformation.
We apply Kissinger’s [Kiss57] analysis which relates the transition temperature Tc, the
rate of heating (dT/dt), and the activation energy Ea by the formula
ln((dT/dt)/T 2c ) = C + (Ea/kBTc) (4.1)
where C is a constant and kB is the Boltzmann’s constant. A plot of ln((dT/dt)/T
2
c )
against 1/Tc yields a straight line with slope Ea/kB. From the sheet resistance measure-
ments we determine Tc for different heating rates dT/dt by locating the minimum in the
first derivative (dRs/dT ) as illustrated in fig. 4.2. The activation energy determined from
the corresponding Kissinger plot, shown in fig. 4.9 is 2.23 ± 0.07 eV. This value corrob-
orates with those reported by other groups [Park99,Yama91] obtained using differential
scanning calorimetry (DSC) technique. Similarly, the activation energy of the structural
transformation from the metastable NaCl structure to the stable hexagonal structure can
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be determined. A value of 3.64 eV has been reported by Friedrich [Frie002]. The litera-
ture review of DSC studies show no value of the activation energy of the transition from
NaCl to the hexagonal phase. The reason being this transition is not observed by this
technique. This is a clear advantage of the 4-point probe set up in the determination
of the activation energy over the DSC technique. The obtained values of the activation
energies imply that Ge2Sb2Te5 is a thermally stable material at room temperature.
Besides the activation energy another quantity which is important for the application
of chalcogenide films in optical storage media is density. Crystallization usually leads to
an increase in film density and a corresponding reduction in film thickness. The infor-
mation of the density change upon crystallization is of paramount importance in phase
change media technology since it can be related to the stresses induced in the system
during write/erase cycles. Large density changes could lead to pronounced mechanical
stresses in the film and could cause severe limitations for the cyclability of the material.
Indeed, Weidenhof et al. [Weid99] have observed such stress induced effects in atomic
force microscopy (AFM) images of crystalline bits which were produced by a pulse of a
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Figure 4.8: Temperature dependence of the sheet resistance Rs for 85 nm Ge2Sb2Te5 films
measured with different heating rates (dT/dt). The heating rates are shown in the insert.
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Figure 4.9: Kissinger plot from which the activation energy Ea of the amorphous to crystalline
transition at Tc is determined (85 nm Ge2Sb2Te5 films were used).
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focussed laser. The images show well defined circular bits but also reveal that nanometer
sized cracks are formed in the crystalline film, which are presumably formed to reduce the
film stress. In order to investigate the density and thickness change upon crystallization
we performed XRR measurements on samples annealed at different temperatures.
4.4 Temperature dependence of density
Figures 4.10a and b compare the x-ray reflection patterns of an as-deposited film with those
obtained from films annealed at 150 ◦C and 310 ◦C for 10 min, respectively. The regions
around the total reflection edge are shown more clearly in the inserts. The total reflection
edge of the annealed films shifts towards higher angles. Hence it can be concluded that
the as-deposited sample has a lower density than the annealed sample since the density(%)
is directly proportional to the square of the critical angle(θc) as it can be derived from
equation. 2.32. Comparing the as-deposited reflectivity spectrum with the spectra of the
annealed samples, a thickness change is evident from the period of the interference fringes.
In some regions, the interference fringes of the two spectra are in phase and out of phase
in other regions. By counting the interference fringes between two points it can be found
that, the period of the interference fringes from the annealed sample is larger than that
of the as-deposited spectrum. Hence, a reduction in film thickness is observed which is
attributed to annealing. The numerous and well defined oscillations in the whole angular
range illustrate the remarkably low interface and surface roughness for both as-deposited
and the annealed films. Another notable feature in all patterns is the weak oscillation at
around 2.6 degrees followed by stronger oscillations. This introduces some beats in the
reflectivity patterns. This is an indication of a very thin layer on top of the Ge2Sb2Te5
layer which can only be attributed to oxidation of the Ge2Sb2Te5 film. Further evidence of
the thin oxide layer is discussed in section 6.7. In order to obtain quantitative information
on the density, thickness and surface morphology of the films, a fitting procedure (GIXA)
assuming a three layer system (substrate/SiO2/Ge2Sb2Te5/Ge2Sb2Te5 oxide) model was
used.
The XRR patterns depicted in fig. 4.10 are again shown in fig. 4.11 where the the-
oretical simulations are now included (solid lines). Density values of 5.86 ±0.05 g/cm3,
6.27±0.05 g/cm3 and 6.39±0.05 g/cm3 are obtained for the as-deposited sample and sam-
ples annealed at 150 ◦C and 310 ◦C, respectively. More XRR measurements (not shown
here) were performed and simulated on samples annealed at different temperatures.
Table 4.3 summarizes the density, thickness and roughness values of the Ge2Sb2Te5
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Table 4.3: Thickness t(nm), roughness σ(nm) and density % (g/cm3) values of films annealed
at different temperatures obtained from XRR simulations. The values were obtained from four
different sets of samples. A clear trend is observed for the thickness and density for the main
layer while no trend is observed for the quantities of the oxide layer and also the roughness of
the main layer.
PC Oxide layer PC layer
Annealing T(◦C) t(nm) σ(nm) %(g/cm3) t(nm) σ(nm) %(g/cm3)
as dep: 1.65 0.59 3.53 46.28 0.54 5.86
as dep: 2.03 0.74 4.33 46.38 0.57 5.89
as dep: 0.94 0.71 4.82 45.53 0.18 5.83
as dep: 1.28 0.79 4.39 47.30 0.48 5.87
75 1.61 0.41 5.19 46.01 0.21 5.87
100 1.41 0.59 2.93 47.89 0.52 5.87
100 1.44 1.10 4.85 47.19 0.32 5.82
130 2.25 0.58 3.96 42.85 0.65 6.16
130 2.07 0.67 5.75 44.62 0.23 6.27
150 1.95 0.71 5.12 43.23 0.37 6.26
170 2.80 0.82 4.16 43.22 0.75 6.28
170 1.51 0.39 4.11 43.91 0.71 6.26
200 1.36 0.68 4.27 44.31 0.51 6.26
230 2.07 0.59 3.73 41.63 0.69 6.28
260 2.15 0.63 4.01 41.49 0.59 6.27
280 1.37 0.64 4.21 44.02 0.49 6.38
310 1.90 0.66 4.53 43.62 0.47 6.36
320 2.63 0.78 4.05 41.53 0.67 6.35
320 3.02 0.95 3.51 41.72 0.32 6.44
320 2.23 0.62 4.03 42.68 0.54 6.36
350 1.65 1.02 5.99 43.55 0.42 6.44
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Figure 4.10: X-ray reflection measurements of an as-deposited sample (open circles) compared
with samples annealed at different temperatures a) 150 ◦C and b) 310 ◦C for 10 min ( solid
triangles). The inserts shows the area around the total reflection edge.
layer and oxide layer obtained from the XRR simulations. The results of the oxide layer
show no trend with the annealing temperature. They range between 0.94-3.02 nm, 0.39-
1.10 nm and 2.93-5.99 g/cm3 for the thickness, roughness and density respectively. The
83 4.4 Temperature dependence of density
10-8
10-6
10-4
10-2
100 as-deposited
a)
In
te
n
sit
y 
lo
g(I
/I o
)
 measured
 theory
1 2 3 4 5 6
10-8
10-6
10-4
10-2
100
c)
T
an
=310°C
2θ(Degrees)
10-8
10-6
10-4
10-2
100
b)
T
an
=150°C
Figure 4.11: X-ray reflection measurements plus the corresponding theoretical simulation for
samples a) as- deposited b) annealed at 150 ◦C for 10 min and c) annealed at 310 ◦C for 10min.
Chapter 4. Results and discussion-Ge2Sb2Te5 84
0 50 100 150 200 250 300 350 400
5.5
5.6
5.7
5.8
5.9
6.0
6.1
6.2
6.3
6.4
6.5
crystalline 
hexagonal
 
amorphous
fcc 
Annealing temperature (°C)
De
n
sit
y 
(g/
cm
3 )
Figure 4.12: Temperature dependence of the density for Ge2Sb2Te5 films obtained from XRR
measurements.
larger variation in these quantities is due to the fact that different samples were used
and the oxidation process was found to depend on the age of the films. The thickness
saturates with time at around 3 nm. The roughness of the main film also shows no clear
trend and ranges between 0.18-0.71 nm. Since, even the highest value of the roughness
which is 7.1 A˚ is relatively low, we can therefore conclude that thermal annealing will
not degrade the interface quality when these films are applied as active layers in phase
change media. The density values of the main film are illustrated graphically in fig. 4.12.
The film density is fairly constant at 5.87±0.05 g/cm3 upon annealing up to 120 ◦C.
At around 130◦C an average step increase of 0.4 g/cm3 in the film density is observed,
which corresponds to an increase of 6.8±0.2%. A second step increase of 0.12 g/cm3
is also noted at around 280◦C. This leads to average density values of 6.27±0.02 g/cm3
and 6.39±0.02 g/cm3 for the NaCl and hexagonal states, respectively. The corresponding
XRD densities for the crystalline states are computed by using the stoichiometry of the
films, the lattice parameters and the atomic distribution in the unit cell by employing
equation 2.53. Taking atomic weight (AGe, ASb, ATe) of Ge, Sb and Te as 72.59, 121.8
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Table 4.4: Density % (g/cm3) values of the Ge2Sb2Te5 films for the different states obtained
from XRR and XRD techniques. The values denoted with ∗ are from Nonaka et al. [Nona00].
State Measured (XRR) (g/cm3) Calculated (XRD) (g/cm3) % increase
Amorphous 5.87 ± 0.02
5.86∗
NaCl 6.27 ± 0.02 6.26− 6.31 (20% vacancies) 6.8 ± 0.02
6.86− 9.91(no vacancy)
6.13∗ 6.28 (20% vacancies)∗ 4.6∗
6.97 (no vacancy)∗
Hexagonal 6.39 ± 0.02 6.48 8.8 ± 0.02
and 127.6 g/mol respectively, the density is given by
% =
4
5
(2AGe + 2ASb + 5ATe)
NAV
(4.2)
for the cubic face with 20% vacancies and
% =
(2AGe + 2ASb + 5ATe)
NAV
(4.3)
for the hexagonal phase. Table 4.4 summarizes the density values obtained by XRR
and XRD methods. The good agreement between the densities determined by XRR and
the calculated densities implies that the films are nearly void free. While the density
values of the amorphous phase are identical to the values reported by Nonaka et al. , our
density value of the cubic phase is slightly higher. In addition, our density values show a
second increase which clearly distinguishes between the cubic and the hexagonal phase.
The density and the corresponding thickness changes upon annealing are presented in
fig. 4.13. Normalized values with respect to the as-deposited values are used. Also shown
in this figure is the product of thickness and density of the films.
Thickness reductions of 6.5±0.2% and 8.2±0.2% are observed at the same tempera-
tures where the density increases. The thickness reduction compares well with the density
increase indicating no material is lost through evaporation. This is also confirmed by the
product of thickness and density which remains fairly constant in the whole range of an-
nealing temperatures. The change in the density and the corresponding thickness change
accompanying the phase transition from amorphous to the NaCl phase are still reason-
ably small which make this transition more appealing for data storage. The relatively
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Figure 4.13: The variation of density, thickness and their product (density*thickness) with
annealing temperature for Ge2Sb2Te5 films deduced from XRR data.
low density change can be attributed to the vacancy of the NaCl state of the films. It
suggest the scale of atomic rearrangement is relatively small, which might contribute to
the high crystallization rates observed for this material when applied in the phase change
technology as the recording layer. The fact that the hexagonal phase is characterized
by an even higher density indicates that upon amorphization of this phase even higher
stresses might arise. This could be a serious drawback. Hence these results suggest that
the transition between the amorphous and cubic phase is strongly preferred for data stor-
age applications. Furthermore as we have shown previously [Weid99], recrystallization by
fast laser pulses always leads to the formation of crystallites with NaCl structure. Hence
the hexagonal phase should clearly be avoided by all means. To characterize the stress
induced in these films upon crystallization we performed mechanical stress measurements
employing the wafer curvature technique.
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4.5 Mechanical stresses induced upon crystallization
The observed changes in both density and volume characterized above upon crystallization
could lead to considerable stress-build up in the film which could cause severe limitations
for the cyclability of this material. In this subsection results of mechanical stress induced
upon crystallization of Ge2Sb2Te5 films are discussed. The employed setup also allowed
the determination of reflectance change upon crystallization. An example of data obtained
from a 85nm thick Ge2Sb2Te5 film on 150 µm glass substrate is shown in fig. 4.14. The
measurement was performed by Tom Pedersen.
The top curve displays the reflectance change while the bottom shows the mechanical
stress build up upon annealing. A heating rate of 3K/min was employed. At around
150◦C a pronounced change in reflectance is observed which is caused by crystallization
of the film as confirmed by XRD measurements for films annealed above 140◦C. Above
160◦C the reflectance virtually remains constant even after subsequent cooling down to
room temperature. The stress curve also shows a pronounced change of 165 MPa. The
pronounced changes of both reflectance and stress are observed at the same temperature.
The pronounced stress change is a consequence of crystallization which caused a volume
shrinkage of 6.5±0.02%. This developed stress decreased with further annealing at tem-
peratures above 160◦C because of viscoelasticity or plasticity of the film. Upon cooling
to room temperature the stress increases linearly and this is attributed to the different
thermal expansion coefficients of the film and the substrate. Pedersen etal. [Pede01] have
computed the expected stress from a volume shrinkage of 6.5% assuming elastic deforma-
tion and found that the observed stress is just a mere 9% of the expected. They concluded
that most of the stress is relieved by plastic flow in the amorphous phase. Material flow
has been found to reduce the number of write/erase cycles through the reduction of signal
to noise ratio. This problem is being addressed by adding dopants in the recording layer.
The dopants form high melting compounds which remain in solid form even when the
recording layer is irradiated with a highly focused laser beam. These compounds prevent
the material from flowing and hence increases the cyclability of the material. Therefore
for application in the phase change optical storage technology, materials which exhibit a
small volume change and a small elastic modulus are clearly preferred to avoid extensive
stress build up and the resulting viscous flow of the materials upon crystallization.
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Figure 4.14: Reflected intensity and stress change upon annealing measured for an 85 nm
Ge2Sb2Te5 thin film on 150µm thick glass substrate [Pede01].
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A lot of literature exists for materials with chemical composition along the GeTe-Sb2Te3
pseudobinary line due to their excellent features for application as recording layers in
the phase change technology. Nevertheless alloys with a stoichiometry close to this pse-
dobinary line also exhibit good properties for phase change applications but are hardly
studied. Among these alloys is the Ge4Sb1Te5 composition which stabilizes in a single
crystalline phase. Despite this significant advantage little has been reported on the prop-
erties of the Ge4Sb1Te5 material. In this chapter the physical and electrical properties
of DC sputter-deposited Ge4Sb1Te5 thin films are presented and discussed. The phase
transformations of these films upon annealing and the corresponding stress build-up are
also described. The results are presented in a similar way like that of Ge2Sb2Te5.
5.1 Phase transformations
Fig. 5.1 depicts the temperature variation of sheet resistance of a 62 nm Ge4Sb1Te5
film on a glass substrate heated at a rate of 0.5◦C per minute. The sheet resistance of
the as-deposited film is 32 MΩ/2 which correspond to a resistivity (ρ) of 199 Ω cm.
Upon annealing, a gradual continuous decrease in the sheet resistance is observed up
to slightly below 170 ◦C. In the temperature range between 180 and 190 ◦C the sheet
resistance decreases abruptly. Further annealing at higher temperatures also leads to a
gradual resistance decrease with no notable feature. Upon subsequent cooling to room
temperature the sheet resistance decreases monotonically. The observed abrupt drop
in the sheet resistance is attributed to a structural change which is accompanied by a
change in the electronic properties as found for the Ge2Sb2Te5 case. Hence there is no
evidence of a second crystalline phase for this material. To correlate the change in the
89
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Figure 5.1: Temperature variation of the sheet resistance Rs for 62 nm Ge4Sb1Te5 film upon
annealing at a heating rate (dT/dt) of 0.5 K/min .
electronic properties to the structural change, XRD results are presented and discussed
in the following section.
5.2 Temperature dependence of film structure
Fig. 5.2a-d shows the XRD patterns for the as-deposited film and those annealed at 200◦C,
250◦C and 380◦C for 10 minutes in argon ambient, respectively. The presence of two broad
peaks in the diffraction pattern of the as-deposited film is evidence of an amorphous phase
for as deposited films. In Fig. 5.2b sharp peaks are observed indicating a crystalline phase
for films annealed at 200◦C. This confirms that the structural transformation from an
amorphous to the crystalline state occurs below 200◦C.
The patterns of the samples annealed at 250◦C and 380◦C are similar to the pattern of
the film annealed at 200◦. The peaks have been identified with an NaCl structure implying
a similar structure to that of the metastable phase of Ge2Sb2Te5. The lattice parameters
obtained for samples annealed at different temperatures are illustrated graphically in
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Figure 5.2: X-ray diffraction scans of 200 nm Ge4Sb1Te5 films deposited on a glass substrate
performed on samples annealed at different temperatures for 10 min. All measurements were
performed under a grazing angle θ of 0.75◦ a) as-deposited sample, b) annealed at 200◦C, c)
annealed at 250◦C and d) annealed at 380◦C.
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Figure 5.3: The variation of lattice constant upon annealing at different temperatures.
fig. 5.3. These values show no appreciable variation with annealing temperature. Values
in the range between 5.969-5.979 A˚ were obtained. The values agree reasonably well
with that reported by Hernandez et al. [Hern92] of 6.00 A˚. Applying the NaCl-type
structure (Ge2Sb2Te5 metastable phase fig. 4.5), the 4(a) site is wholly occupied by the
Te while the 4(b) site is randomly occupied by Ge and Sb with probabilities of 0.8 and 0.2
respectively. Ideally no vacancies are expected in this material since the stoichiometry of
this material provides equal numbers of atoms for the 4(a) site and the 4(b) site. Applying
the Gaspard theoretical argument for structure determination for the case of Ge4Sb1Te5,
the Ge, Sb, and Te electron contributions to the p band filling are 2 ∗ 4/10, 3 ∗ 1/10
and 4 ∗ 5/10 respectively. This yields a p filling ratio equal to 31/60. This ratio is very
close to 1/2 implying a stable cubic structure for Ge4Sb1Te5. Thus the prediction of the
theoretical calculation concurs with our observation of a single NaCl phase. Since the data
were obtained from films annealed for ten minutes only, it was necessary to confirm this
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Figure 5.4: X-ray diffraction scans of 200 nm Ge4Sb1Te5 films deposited on a glass substrate
performed on samples annealed at different temperatures for three hours. All measurements
were performed under a grazing angle θ of 0.75◦ a) at 250◦C, b) at 320◦C and c) at 370◦C.
observation with data obtained from films annealed for longer time. This idea emerged
after a thorough scrutiny of the XRD pattern obtained from the film annealed at 380◦C
which reveals two very weak extra peaks at around 27◦ and 45◦. In order to identify the
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weak extra peaks, a precise determination of the peak positions is necessary. Hence XRD
measurements were performed on films annealed for longer time with an aim of improving
the intensity of the weak peaks. Three samples were annealed for three hours at 250◦, 320◦
and 370◦C. The resulting XRD patterns are displayed in fig. 5.4. There is no evidence of
the extra peaks in the XRD pattern for the sample annealed at 250◦. In Fig. 5.4b a very
weak peak can be observed at around 27◦ while the two extra peaks are clearly visible in
fig. 5.4c. The intensity is still very low but higher than the intensity of the peaks from
the sample annealed at 380◦ for 10 min. The precise peak positions were determined and
these extra peaks identified with crystalline Ge. Hence it is possible to segregate some Ge
by annealing Ge4Sb1Te5 material for longer time at higher temperatures. This might not
be a problem in optical phase change applications since the write/erase processes occur
very fast. After establishing that, the structures of both Ge2Sb2Te5 and Ge4Sb1Te5 are
similar i.e (NaCl) structure, the question to be answered is why should Ge2Sb2Te5 then
exhibit a faster crystallization rate than Ge4Sb1Te5 as reported by Weidenhof [Weid00].
To answer this question we performed kinetic studies to determine the activation energy
for crystallization.
5.3 Kinetics of the structural transformations
The crystallization kinetics of Ge4Sb1Te5 films is described under non-isothermal condi-
tions employing the temperature dependence of the sheet resistance. Applying Kissinger’s
theoretical model relating the heating rate (dT/dt) and the crystallization temperature
Tc, the activation energy is evaluated. This quantity determines the thermal stability
of the material. To evaluate this quantity we performed temperature dependent sheet
resistance measurements at different heating rates. The results are displayed in fig. 5.5.
It is observed that different heating rates lead to different transition temperatures,
high heating rates shift the transition temperature to higher values. Heating rates in
the range between 0.3 and 4.55K/min lead to transition temperature values between 175
and 190◦C. The corresponding Kissinger plot is shown in fig. 5.6. The activation energy
for the formation of the crystalline phase is deduced from the slope to be 3.48 ± 0.12
eV . This value is higher than the value we obtained for the Ge2Sb2Te5 films for the
amorphous to crystalline transformation and this could explain why Ge2Sb2Te5 exhibits
a faster crystallization rate than Ge4Sb1Te5. Hence this material should be thermally
very stable at room temperature implying many years of archivability. Table 5.1 sum-
marizes the reported values of different Ge:Sb:Te alloys. Also shown in this table is the
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Figure 5.5: Temperature dependence of the sheet resistance Rs for 62 nm Ge4Sb1Te5 films
measured with different heating rates (dT/dt). The heating rates are shown in the insert.
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Figure 5.6: Kissinger plot from which the activation energy Ea for the amorphous to crystalline
transition at Tc is determined (62 nm Ge4Sb1Te5 films were used).
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crystallization temperatures Tc. Yamada et al. investigated the activation energies of
Ge2Sb2Te5, Ge1Sb2Te4 and Ge1Sb4Te7 and found that the activation energy increased
with the percentage of GeTe. This is explained by the strong bonds formed by the Ge and
the Te atoms. Table 5.2 gives the bond strengths between Ge, Sb and Te atoms. Using
this argument then the activation energy of the Ge4Sb1Te5 films is supposed to be higher
than that of Ge2Sb2Te5 which agrees with our results.
Material EA [eV] Tc [
◦C] source
GeTe 1,7 170 [Libe93], [Chen86]
Ge4Sb1Te5 3,48 180 Sec. 5.3
Ge2Sb2Te5 2,24 140 Sec. 4.3
Ge1Sb2Te4 1,82 131 [Yama91]
Ge1Sb4Te7 1,52 123 [Yama91]
Sb2Te3 2,0 97 [Fuji88], [Chen98]
Ge 3,0 [Blum76]
Te 10 [Chen86]
Table 5.1: The activation energy EA and the crystallization temperature Tc of different
Ge:Sb:Te alloys. Also included are the values of Ge and Te.
Bond energy
kJ/mol eV/Bond
Ge-Te 456±13 4,72±0,13
Sb-Te 277,4±3,8 2,87±0,04
Ge-Sb – –
Ge-Ge 263,6±7,1 2,73±0,07
Sb-Sb 299,2±6,3 3,10±0,07
Te-Te 259,8±5,0 2,69±0,05
Table 5.2: Bond energy [CRC97].
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5.4 Temperature dependence of density
After establishing that there is a phase transition upon annealing, characterization of the
density change associated with this transition is necessary to determine the magnitude
of film contraction upon crystallization. Comparative XRR measurements of the as-
deposited sample and that annealed at 350◦C for 10 minutes show a clear shift in total
external reflection edge towards higher angles for the annealed film as illustrated in fig. 5.7.
The region around the total reflection edge is presented more clearly in the insert. This
shift indicates a higher density for the annealed film. The beats observed in the reflectivity
curves for Ge2Sb2Te5 films are also evident here in the pattern of the annealed film while
the feature is not well pronounced in the pattern of the as-deposited film. The numerous
interference fringes both for the as-deposited and the annealed films indicate low interface
and surface roughness. However, the roughness of the annealed sample is comparatively
higher than that of the as-deposited film. The decrease in reflectivity is more rapid
for the annealed sample, which is a proof of a higher roughness. An increase in the
period of the interference fringes for the annealed sample is also evident from the fewer
number of interference fringes between two points. According to the theory of the XRR
technique, these observations mean that the density, thickness and the film morphology
are modified when the films are annealed. This is not surprising since XRD results have
shown a phase transition from amorphous to crystalline upon annealing. Quantitative
results were obtained through XRR simulations as described in section 4.4
Fig. 5.8a− c depicts the XRR experimental spectra and their corresponding theoreti-
cal simulations for the as-deposited film and for the films annealed at 210◦C and 350◦C,
respectively. The good agreement between the measured and the simulated data implies
that the values deduced from the simulations reproduce the film properties with high
precision. The density values deduced from the simulations are 5.58± 0.05 g/cm3, 6.12±
0.05 g/cm3 and 6.14± 0.05 g/cm3, respectively. In addition to the density values, the film
thickness and the roughness of the films were also deduced from the simulations. To corre-
late the changes in these quantities upon annealing to the crystallization behaviour, more
XRR measurements were performed on films annealed at different temperatures. The ob-
tained density, roughness and thickness values are tabulated in table. 5.3 (measurements
performed by Daniel Wamwangi).
For clear presentation the results are also illustrated graphically. Fig.5.9 depicts the
temperature dependence of density. The as-deposited Ge4Sb1Te5 films show a lower den-
sity of 5.6± 0.05 g/cm3. Upon annealing the density value remains fairly constant up to
about 140◦C, where a gradual rise in density emerges. The density increases to 6.12±
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Figure 5.7: X-ray reflection measurement of an as- deposited sample (open circles) and X-ray
reflection measurement of the same sample after annealing at 350◦C for 10 min ( solid circles).
The insert shows the area around the total reflection edge.
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Figure 5.8: X-ray reflection measurements plus the corresponding theoretical simulations of a
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PC Oxide layer PC layer
Annealing T(◦C) t(nm) σ(nm) %(g/cm3) t(nm) σ(nm) %(g/cm3)
as dep: 57.75 0.60 5.58
85 57.75 0.59 5.60
90 57.06 0.58 5.60
105 0.51 0.48 3.3 57.45 0.90 5.60
120 0.93 0.38 3.90 56.90 0.58 5.61
125 1.45 0.60 4.13 57.09 0.52 5.60
140 1.68 0.57 4.28 56.81 0.51 5.61
150 0.96 0.57 4.15 55.43 0.93 5.92
160 1.69 0.64 4.54 55.38 0.42 5.95
185 1.71 0.54 4.31 52.56 0.44 6.11
210 1.62 0.55 4.15 52.47 0.47 6.13
235 1.73 0.56 4.10 52.33 0.49 6.11
290 1.83 0.50 3.97 52.28 0.49 6.11
350 1.97 0.54 3.94 52.20 0.40 6.14
390 2.66 0.67 4.05 52.15 0.54 6.13
Table 5.3: Thickness t(nm), roughness σ(nm) and density %(g/cm3) values obtained from XRR
measurements/simulations of films annealed at different temperatures. These data was obtained
from two samples which were annealed alternatively at different temperatures . (The measure-
ments were performed by Daniel Wamwangi).
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0.02 g/cm3 and then remains fairly constant upon further annealing. This translates to a
density increase of 9.3% upon crystallization. The increase in the density implies a con-
traction in volume which ideally should lead to an equal reduction in film thickness. This
is illustrated in fig.5.10b which displays the dependence of the film thickness (normalized)
on the annealing temperature. The film thickness is normalized using the as-deposited
film thickness. It is observed that the film thickness remains constant up to 125◦C and
then decreases gradually with increasing temperature up to 180◦C, where it remains con-
stant upon further temperature increase. The reduction in the film thickness is 9.1%.
It is important to note that a major change in sheet resistance was observed (fig.5.1) in
between 170◦C and 180◦C. Hence the gradual change in thickness cannot be explained
only by the relatively slow rate of crystallization exhibited by this material. An XRR
measurement of a sample annealed at 130◦C revealed growth of an oxide layer on top of
the main layer. The oxidation of the main layer implies that part of the phase change
material is incorporated into the oxide layer, which leads to a reduction in film thickness.
The fact that the temperature dependence of density and normalized thickness show only
one gradual change confirms that the Ge4Sb1Te5 material stabilizes in a single crystalline
phase. This is in agreement with XRD and sheet resistance measurement results which
identified only one phase transition from an amorphous phase to an NaCl crystal structure
for this material upon annealing. To determine whether there were material losses during
the annealing process, the product of normalized density and thickness are calculated and
presented graphically in fig.5.10c. This product is almost unity in the whole temperature
range apart from the transition region. The deviation from unity in the mass conservation
values in the transition region could be attributed to oxidation. However it is apparent
from fig.5.10c that there is no material loss through evaporation upon annealing.
The changes in both density and thickness for the Ge4Sb1Te5 are almost a factor
of 1.5 higher in comparison to those of Ge2Sb2Te5. It can therefore be assumed that
the mechanical stress built up during the phase transition are higher for the Ge4Sb1Te5
than for Ge2Sb2Te5 material. This implies that the number of overwrite cycles should
be considerably lower for the Ge4Sb1Te5 than those of Ge2Sb2Te5 due to the high stress
expected to accompany the overwrite cycles. In order to have a quantitative measure of
the stress induced in this material due to the phase transition, stress measurements were
performed.
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Figure 5.10: The variation of density, thickness and their product(density*thickness)with an-
nealing temperature for Ge4Sb1Te5 films deduced from XRR data. The deviation observed at
the transition region can be explained to be due to oxidation.
5.5 Mechanical stresses induced upon crystallization
Fig. 5.11 presents the stress change and reflected intensity of a 62nm thin film of Ge4Sb1Te5
on a 200 µm thick silicon wafer substrate measured simultaneously upon annealing at a
rate of 3K/min. Both curves shows an abrupt change at around 190◦C which can be
attributed to the phase transition from the amorphous to the crystalline phase. The
magnitude of the observed changes in reflectance and stress are 35% and 205 MPa, re-
spectively. Similar to the Ge2Sb2Te5 material, the observed mechanical stress is just a
mere 9% of the expected stress resulting from a 9.1% contraction. Nevertheless the stress
change is higher than the value observed for the Ge2Sb2Te5 material as predicted by using
the measured changes in both thickness and density for the two materials.
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Figure 5.11: Reflected intensity and Stress change upon annealing measured from a 62 nm
Ge4Sb1Te5 thin film on 200µm thick silicon wafer substrate [Pede01].

Chapter 6
Results and
discussion-Ag5.5In6.5Sb59Te29
Ag5.5In6.5Sb59Te29films recently have attracted considerable interest as advanced materials
for phase change recording. Products like compact disk rewritable (CD-RW) and digital
versatile disks-rewritable (DVD-RW) that use AgInSbTe film as the recording layer are
commercially available. Despite the technological use of this material, very little infor-
mation has been reported on its properties. In this chapter the physical and electrical
properties of DC sputter-deposited Ag5.5In6.5Sb59Te29 thin films are presented and dis-
cussed. The phase transformations of these films upon annealing and the corresponding
stress build-up are also presented and discussed. Results of the influence of the capping
layer on the crystallization kinetics of these films are also reported. Finally the properties
of Ag5.5In6.5Sb59Te29 films are compared with the properties of the other two alloys of the
GeSbTe family.
6.1 Temperature dependence of sheet resistance
Fig. 6.1 displays a typical dependence of the sheet resistance Rs upon temperature of a
100 nm thin film obtained using a heating rate of 3 K/min. As deposited films have a
sheet resistance of 6 MΩ/2 which corresponds to a resistivity ρ of 60 Ωcm. A continuous
decrease in sheet resistance upon annealing is observed below a temperature Tc where
a sudden drop occurs. It drops to a value of 100 Ω/2 (ρ = 10−3 Ω cm). Further
annealing only reduces the sheet resistance slightly. On cooling to room temperature the
sheet resistance first increases slightly followed by a slight reduction. The sudden drop
in sheet resistance at Tc can also be explained by a change in the physical state which
107
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Figure 6.1: Temperature dependence of the sheet resistance Rs for 100 nm Ag5.5In6.5Sb59Te29
film annealed at a heating rate (dT/dt) of 3.0 K/min.
is accompanied by a pronounced change in electronic structure as for the case of both
Ge2Sb2Te5 and Ge4Sb1Te5.
Fig. 6.2 shows dependence of the sheet resistance upon temperature for the same
film shown in fig. 6.1 annealed for a second time. Both heating and cooling cycles are
displayed. The sheet resistance increases slightly with increasing temperature, reaches
its maximum value and then decreases. The reverse is observed upon cooling to room
temperature. This behaviour is usually exhibited by doped semiconducting materials. At
low temperature electrical resistivity is a characteristic of extrinsic conduction, while at
higher temperature the number of carriers thermally excited across the semiconducting
energy gap begins to overwhelm the number of carriers due to ionized impurities and the
intrinsic conduction begins to dominate.
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Figure 6.2: Temperature dependence of the sheet resistance Rs for a 100 nm Ag5.5In6.5Sb59Te29
film annealed for a second time at a heating rate (dT/dt) of 3.0 K/min.
6.2 Temperature dependence of film structure
In order to find out the crystalline structure of the films, XRD measurements were per-
formed on various films after annealing them at different temperatures in argon ambient.
Fig. 6.3 shows XRD scans performed on samples annealed isothermally at different tem-
peratures. In each case, a 200 nm thin film was annealed for 5 hours. Fig. 6.3a shows
the XRD pattern of the as-deposited sample. The two broad peaks confirm a disordered
phase for the as-deposited Ag5.5In6.5Sb59Te29 films. Figures 6.3b-d show XRD patterns of
samples annealed at 200 ◦C, 250 ◦C and 300 ◦C, respectively. Diffraction peaks, indica-
tive of a crystalline phase, are observed in all the three patterns. This confirms that the
resistivity drop at Tc is caused by the phase transition from an amorphous to a crystalline
phase. The three diffraction patterns are very similar implying that there is no further
structural change in the temperature range from 200 to 300 ◦C.
XRD scans (not shown here) performed on samples annealed at temperatures between
170-380 ◦C all show very similar spectra. The only notable differences are the peak
intensities for small diffraction angles and the development of the peak width. The peaks
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Figure 6.3: X-ray diffraction scans of 200 nm Ag5.5In6.5Sb59Te29 films deposited on a glass
substrate performed on samples annealed at different temperatures. All measurements were
performed under a grazing angle θ of 0.75◦ a) as-deposited sample. b) annealed at 200◦C for
5hrs. c) annealed at 250◦C for 5hrs. d) annealed at 300◦C for 5hrs.
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Figure 6.4: Atomic distribution in the Sb2Te unit cell, a nine layered structure is observed
-Te-Sb-Te-Sb-Sb-Sb-Sb-Te-Sb-.
become slightly sharper as the annealing temperature increases. This is attributed to
grain growth, which can also account for the slight reduction in sheet resistance after the
transition. The spectra can be identified with a hexagonal structure similar to that of
Sb2Te [JCPDS1] with lattice parameters of a = 4.283 ± 0.001 A˚ and c = 16.995 ± 0.018
A˚ for the sample annealed at 200◦C. The atomic distribution in the unit cell of Sb2Te are
shown in fig. 6.4. The structure of Sb2Te also satisfies the Gaspard’s theoretical model of
structure determination. The electron contributions from Sb and Te to the p band filling
are 3*2/3 and 4*1/3 respectively, which gives a p filling ratio of 5/9. The denominator
defines the periodicity of the distortion, implying a unit cell of nine stacked layers as
evident in fig. 6.4.
The observed and calculated peak positions for the spectra shown in fig. 6.3 b-d are
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tabulated in table 6.1. The temperature dependence on the lattice parameters deduced
from the XRD data of films annealed at different temperatures is displayed in fig. 6.5.
Observed (Ob.) and Calculated(Cal.) Peaks positions (2θ◦)
200◦ 200◦ 250◦ 250◦ 300◦ 300◦
Peak (hkl) Ob. Cal. Ob. Cal. Ob. Cal.
1 0 0 24.090 23.970 24.087 23.940 24.068 24.005
1 0 1 24.770 24.540 24.876 24.51 24.853 24.557
0 0 5 25.914 26.190 25.850 26.060 25.768 25.707
1 0 3 28.756 28.745 28.677 28.676 28.662 28.613
1 0 6 40.096 40.019 39.862 39.864 39.748 39.558
1 1 0 42.181 42.163 42.112 42.115 42.230 42.224
2 0 3 51.885 51.829 51.736 51.746 51.797 51.801
2 0 6 59.425 59.531 59.393 59.378 59.207 59.236
1 1 9 65.911 65.894 65.638 65.639 65.178 65.175
2 1 3 68.941 68.946 68.827 68.841 68.974 68.966
2 1 6 75.617 75.622 75.449 75.453 75.269 75.402
3 0 0 77.086 77.072 76.985 76.985 77.276 77.199
Table 6.1: The observed and calculated peak positions for the spectra shown in fig. 6.3. The
lattice parameters deduced from these values are (a = 4.283 ± 0.001 A˚, c = 16.995 ± 0.018 A˚),
(a = 4.288 ± 0.001 A˚, c = 17.085 ± 0.004 A˚) and (a = 4.289 ± 0.001 A˚, c = 17.162 ± 0.018 A˚)
for the samples annealed at 200◦C, 250◦C and 300◦C, respectively
A slight increase in the c value is observed while a remains fairly constant with in-
creasing annealing temperature, e.g a = 4.288 ± 0.001 A˚ and c = 17.085 ± 0.004 A˚ at
250 ◦C while a = 4.289 ± 0.001 A˚ and c = 17.162 ± 0.018 A˚ at 300 ◦C. It is interesting
to note that these values are similar to those reported by Friedrich et al. [Frie00] and
Petrov I. et al. [Petr68] for the hexagonal phase of Ge2Sb2Te5. They reported values
of a = 4.22 ± 0.008 A˚, c = 17.18 ± 0.04 A˚ and a = 4.2 ± 0.02 A˚, c = 16.96 ± 0.06
A˚, respectively. Unfortunately it is impossible to determine the precise atomic positions
within the unit cell since the atomic form factors of the four atomic species (Ag, In, Sb,
Te) only differ by a very small amount. Nevertheless it is reasonable to assume that 9
atoms occupy the unit cell as is the case of Sb2Te. Taking into account the measured film
stoichiometry Ag5.5In6.5Sb59Te29 and the atomic weight of the four elements, the expected
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Figure 6.5: The dependence of lattice constants on the annealing temperature for
Ag5.5In6.5Sb59Te29 films. Fig: a) and b) shows the a and c values respectively.
X-ray density is similarly computed from eqn. 2.53.
% =
9
100
∗ ((5.5 ∗ AAg + 6.5 ∗ AIn + 59 ∗ ASb + 29 ∗ ATe)
NAV
(6.1)
which gives density values of 6.77, 6.72, 6.68 and 6.69 g/cm3 for films annealed
at 200◦ C, 250◦ C, 300◦ C and 375◦ C respectively (AAg = 107.868 , AIn = 114.82,
AGe = 72.59, ASb = 121.8, ATe = 127.6g/mol.)
Earlier studies of the structure of AgInSbTe films have often reported a mixture of
phases [Iwas93, Duc95]. Iwasaki et al. [Iwas93] investigated the structural changes of
Ag0.08In0.13Sb0.49Te0.30 films prepared by conventional rf-sputtering using an AgInTe2 tar-
get cosputtered with Sb chips. Crystalline AgInTe2 plus crystalline Sb was obtained for
low-power laser annealing while crystalline AgSbTe2 plus amorphous In-Sb resulted from
higher power laser annealing. Duc et al. [Duc95] have shown that there exists at least
three crystalline phases for V doped AgInSbTe alloys with Sb and AgSbTe2 being the
main phases. Tominaga et al. [Tomi971] have also investigated V doped AgInSbTe films
and found a single crystalline phase which is identified as AgSbTe2 with an excess of Sb.
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Figure 6.6: TEM images and SAD patterns of as-deposited film and a film annealed at 300◦C
for 30 min. Fig: a and b show both the SAD pattern (above) and TEM image (below) for
the as-deposited film and annealed film, respectively. The measurements were performed by
Cornelia Keutgen.
Most likely these different results for the film structure are not only a result of different
thermal treatments but also a consequence of the different stoichiometry.
6.3 Microstructural studies
In addition to XRD scans transmission electron microscopy(TEM) observations and elec-
tron diffraction measurements were also performed to analyze the film microstructure.
TEM images and corresponding selected-area electron-diffraction (SAD) patterns for the
as-deposited film and a film annealed at 300 ◦C for 30 min. are shown in fig. 6.6a and
fig. 6.6b respectively. These measurements were performed by Cornelia Keutgen.
Homogeneous structures and hollow pattern of electron diffraction are observed for
115 6.4 Kinetics of structural transformation
the as-deposited film. This further confirms that as-deposited films are amorphous. The
TEM image in Fig. 6.6b shows a polycrystalline structure with a relatively large number
of fine crystallites. The corresponding diffraction pattern shows distinct rings, implying
that the crystallites are randomly oriented. The rings have been indexed with the help of
the XRD pattern. Since electron beams of 50-200 keV are typically used, corresponding
to wavelengths of 0.027-0.00625 A˚, the diffraction angles are usually very small implying
that the small angle approximation can be applied. Then for electron diffraction, the
Bragg equation can be approximated to λ = 2dhkl × sinθ ≈ 2dhkl × θ. The radius R
of the diffraction rings is related to the interplane spacing by λL = Rdhkl, where L is
the distance between the sample and the photographic recording plane, while λ is the
wavelength of the electrons. In order to compare the results of the ring positions and
the peak positions obtained from XRD both the ring radius and the peaks positions are
normalized by using the values the the strongest ring and peak respectively.
1 =
dhkl
dh′k′ l′
.
sinθhkl
sinθh′k′ l′
(6.2)
for XRD analysis and
1 =
dhkl
dh′k′ l′
.
θhkl
θh′k′ l′
(6.3)
for SAD analysis
The comparison of both analysis is displayed in fig. 6.7 which compares the peak
positions obtained from the two different techniques. There is a good agreement from
both analysis and this confirms the hexagonal structure of Ag5.5In6.5Sb59Te29.
6.4 Kinetics of structural transformation
In fig. 6.8 the temperature dependence of sheet resistance obtained using different heating
rates (dT/dt) is shown. The heating rates are indicated in the insert for each curve.
The sudden drop in sheet resistance is observed in the range from 155 to 170◦C. The
figure clearly shows an increase in the transition temperature with increasing heating rate.
An activation energy of 3.03 ± 0.17 eV is determined from the corresponding Kissinger
plot shown in fig. 6.9. To the best of our knowledge this is the first determination of
the activation energy of this material. The activation energy is higher than the value
obtained by other groups [Frie00, Park99,Yama91] for the crystallization of Ge2Sb2Te5
films, implying a higher stability against recrystallization.
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6.5 Temperature dependence of density
Fig. 6.10 compares XRR measurements of an as-deposited sample and a measurement
of the same sample after annealing at 300◦C for 10 minutes. The insert shows the area
around the total reflection edge. One observes a shift in the total reflection edge towards
higher angles. This implies a higher density for the annealed film than that of the as-
deposited film. Another notable feature is the decay of the oscillation amplitude especially
at higher angles. The oscillations of the as-deposited sample are clearly visible in the whole
angular range while the oscillations of the annealed sample tend to decrease more strongly
for larger angles. The decay in the oscillations is related to the roughness of the sample.
With increasing roughness, a faster decay in the oscillation’s amplitude is expected. Hence
this is an indication for an increase in roughness upon annealing.
Fig. 6.11 shows the spectra displayed in fig. 6.10 plus the corresponding theoretical
simulations. A spectrum of the same sample annealed at 180◦C has also been added.
Densities of 6.27 ± 0.05 g/cm3, 6.57 ± 0.05 g/cm3 and 6.59 ± 0.05 g/cm3 are obtained
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Figure 6.8: Temperature dependence of the sheet resistance Rs for 100 nm Ag5.5In6.5Sb59Te29
films measured with different heating rates (dT/dt). The heating rates are shown in the insert.
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Figure 6.9: Kissinger plot from which the activation energy Ea of the amorphous to crystalline
transition at Tc is determined (100 nm AgInSbTe films were used).
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for the as-deposited sample, the sample annealed at 180◦C and 300◦C, respectively. The
corresponding roughness values are 0.01 nm, 0.15 nm and 0.34 nm, respectively. These
values show an increase in roughness upon crystallization as expected. However, the
highest value is still below 5 A˚. Therefore we can conclude that thermal annealing will not
degrade the interface quality when these films are applied as active layers in phase change
media. The increase in density and roughness upon annealing are therefore confirmed
by the values derived from the simulation. The film density measured by XRR for films
annealed above Tc closely resembles the crystalline density measured by XRD (%XRD ' 6.7
g/cm3). This implies that the films are nearly void free. More XRR measurements (not
shown here) were performed and simulated for samples annealed at different temperatures
and the results are tabulated in table 6.2. The results of the oxide layer show no clear
trend with the annealing temperature. They range between 1.17-2.25 nm, 0.39-0.75 nm
and 5.36-6.49 g/cm3 for the thickness, roughness and density, respectively. The roughness
of the main film ranges between 0.01-0.43 nm and shows a slight increase with increasing
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Figure 6.10: X-ray reflection measurement of an as- deposited sample (solid circles)and X-ray
reflection measurement of the same sample after annealing at 300◦C for 10 min(open circles).
The insert shows the area around the total reflection edge.
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Figure 6.11: X-ray reflection measurements plus the corresponding theoretical simulations of
a sample a) as- deposited b) after annealing at 180◦C for 10 min and c) after annealing at 300◦C
for 10 min.
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PC Oxide layer PC layer
Annealing T(◦C) t(nm) σ(nm) %(g/cm3) t(nm) σ(nm) %(g/cm3)
as dep: 1.17 0.42 5.74 41.35 0.01 6.26
as dep: 1.55 0.54 5.41 43.04 0.03 6.22
75 1.35 0.42 5.44 41.11 0.01 6.27
100 2.25 0.75 5.72 42.69 0.01 6.26
130 1.40 0.48 5.79 41.33 0.01 6.26
140 1.58 0.52 5.80 41.34 0.01 6.28
150 2.10 0.67 5.78 42.54 0.11 6.32
160 1.59 0.51 6.01 38.95 0.25 6.60
180 1.25 0.40 5.83 38.86 0.15 6.57
200 1.60 0.54 5.69 39.29 0.01 6.56
225 1.20 0.64 6.49 39.44 0.30 6.59
250 1.71 0.66 6.17 39.04 0.38 6.60
280 1.19 0.39 5.57 39.20 0.19 6.57
300 1.33 0.47 5.81 39.08 0.34 6.59
320 1.07 0.42 5.36 39.94 0.43 6.62
Table 6.2: Thickness t(nm), roughness σ(nm) and density %(g/cm3) values obtained from
XRR measurements/simulations of films annealed at different temperatures.
temperature but with a few exceptions. The temperature dependence of the density is
illustrated graphically in fig. 6.12.
The density remains constant with an average value of 6.26 ± 0.05 g/cm3 up to Tc
where an abrupt increase to 6.59± 0.05 g/cm3 is observed. This corresponds to a density
increase of 5.2%. There is no evidence of any density change at higher temperatures up
to 320 ◦C. This confirms that the material is stabilized in one crystalline structure only.
This is an advantage over Ge2Sb2Te5 which has two different crystalline structures with
different densities. Fig. 6.13b shows the normalized thickness versus temperature. Two
segments with constant value are clearly visible. Upon annealing above 150◦C a decrease
of 5.5% in the thickness is observed. This correlates very well with the increase in the
density of 5.2% illustrated by fig. 6.13a. This implies that there is no loss of material
during the phase transformation. Normalized values with respect to the as-deposited
values are used. Fig. 6.13c shows the product of thickness and density of the films which
remains fairly constant in the whole temperature range; a further confirmation that there
is little or no material loss during the phase transition.
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Figure 6.12: Dependence of density on temperature for Ag5.5In6.5Sb59Te29 films obtained from
XRR measurements.
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Figure 6.13: The variation of density, thickness and their product (density*thickness) with
annealing temperature for Ag5.5In6.5Sb59Te29 films deduced from XRR data.
The density change and the corresponding thickness (volume) change are lower than
values of Ge4Sb1Te5 and Ge2Sb2Te5. Assuming elastic deformation, the stresses accom-
panying the phase transformation for this material should therefore be the smallest when
compared to those of Ge4Sb1Te5 and Ge2Sb2Te5. To quantify the stress induced in this
material upon crystallization, stress measurements were performed and a typical mea-
surement is discussed in the next subsection.
6.6 Mechanical stresses induced upon crystallization
Fig. 6.14 depicts the stress build up (bottom) and reflected intensity(top) measured from
a 100 nm thin film of Ag5.5In6.5Sb59Te29 upon annealing at a rate of 3 K/min. The
expected abrupt change in both quantities upon crystallization is observed at around
165◦C. Above this temperature the reflectance remains constant even after subsequent
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cooling. The stress curve shows a pronounced change of 105 MPa while the change in the
reflectance is 25% . The stress value is again 9% of the expected value assuming an elastic
deformation. Comparing the stress change with the values obtained for the Ge4Sb1Te5
and Ge2Sb2Te5 of 205 MPa and 165 MPa, respectively we find that Ag5.5In6.5Sb59Te29
has the lowest stress build up upon crystallization. This is consistent with the obtained
values of thickness and density changes for the three materials upon crystallization. The
induced stress decreases upon further annealing at temperatures above 165◦C because of
viscoelasticity or plasticity of the film. The stress increases linearly upon cooling to room
temperature and this is attributed to the different thermal expansion coefficients of the
film and the substrate.
The induced stresses can adversely affect the performance of an optical disc. Therefore
to protect the layer from such stresses the active layers are usually sandwiched between
dielectric layers which can withstand severe thermal stresses. These protective layers have
been found to influence the kinetics of crystallization [Ohsh96,Tomi98,Hori96]. The next
section discusses the influence of the protective layers on the crystallization kinetics.
6.7 Influence of the capping layer on the kinetics of
crystallization
6.7.1 Introduction
As illustrated in fig. 1.1 the optical disk consists of a layer of stacks where the active
layer is sandwiched between dielectric layers. The dielectric layer prevents vaporization
during the heating process. In addition, it protects the recording film from fatigue by
cyclical volume change during overwriting. It has been found that the choice of the
dielectric layer is of tremendous importance since it influences the rate of crystallization
[Ohsh98]. Experimental results have shown that the recording and erasing characteristics
and stability for overwrite cycle numbers of the phase change optical disks depend on
the protective layer material used. The protective layers must be transparent to the
semiconductor laser wavelength, because optical changes in the recording layer have to be
detected as reflectance changes in this wavelength. Thus the protective layers are selected
depending on their transparency. Among the dielectric materials which have already been
developed for application as protective layers are ZnS-SiO2, Si3N4, SiC, SiO2 and Ta2O5.
In this subsection, the results of the crystallization process for the Ag5.5In6.5Sb59Te29
amorphous film capped with different dielectric materials, such as the native oxide, ZnS-
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Figure 6.14: Reflected intensity and stress change upon annealing measured from an 85 nm
Ag5.5In6.5Sb59Te29 thin film on 150 µm thick glass substrate [Pede01].
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SiO2, Si3N4 and SiO2 are presented and discussed. Also discussed is the influence of the
native oxide on the crystallization process for the Ge4Sb1Te5, and Ge2Sb2Te5 films.
6.7.2 The influence of the native oxide on the crystallization
kinetics
Fig. 6.15 compares the temperature dependence of the sheet resistance of Ge4Sb1Te5,
Ge2Sb2Te5 and Ag5.5In6.5Sb59Te29 films measured immediately after deposition and one
day after deposition. All the patterns exhibit the abrupt change which is attributed to
the phase change as discussed earlier. The abrupt change is found to shift towards lower
temperature for the one day old samples of Ge:Sb:Te alloy while no shift is observed for the
AgInSbTe alloy. A double transition is also evident for the one day old samples of Ge:Sb:Te
which is an indication of an aging effect. This effect can be due to chemisorption of oxygen
on the film surface forming GeO2, Sb2O3 or TeO2 which results to lower concentration of
Ge, Sb, and Te on the film surface. Therefore, the one day old samples can be described
as being composed of two layers namely a pure bottom layer and a thin top layer possibly
with impurities of GeO2, Sb2O3 or TeO2. XRR results showed the thickness of this oxide
layer to be between 1.5-2 nm. Thus, the double transition can be correlated to the different
crystallization processes of the top and bottom layer.
It has been reported that doping the Ge:Sb:Te material with an optimal concentra-
tion of oxygen increases the nucleation rate, overwritability [Zhou99], the growth rate
and lowers the crystallization temperature [Ebin99]. The mechanism proposed for the
influence of oxygen doping can also very well explain our observation. The decrease in the
phase transition temperature and the increase in the nucleation rate can be attributed to
the above oxides acting as nucleation sites. Ebina et al. explained the increase in over-
write cycles by assuming that the oxides in the recording layer are condensed near the
grain boundaries, as is the case of impurities in metals. Since the melting temperatures
of the oxides are much higher than Ge:Sb:Te in general, the oxides in the recording layer
remain in solid phase and suppress the recording material flow. Similar mechanism has
also been proposed by Kojima et al. [Koji98] for nitrogen doped Ge:Sb:Te material.
Further experimental evidence of the influence of the thin oxide layer is deduced from
simultaneous detection of the change in mechanical stresses and optical reflectance upon
annealing for Ge4Sb1Te5 with an oxide layer displayed in fig. 6.16. Comparing the curve
with that displayed in fig. 5.11 obtained for an unoxidized film, two important differences
are evident. The optical reflectance change for the oxidized film takes place at a con-
siderably lower temperature as compared to the unoxidized film i.e at 162◦C and 182◦C,
127 6.7 Influence of the capping layer on the kinetics of crystallization
103
104
105
106
107
a)
Ge2Sb2Te5
measured after
 24hrs
 deposition
100 120 140 160 180 200 220
102
103
104
105
106
c)
Ag5.5In6.5Sb59Te29
 24hrs
 deposition
103
104
105
106
107
b)
Temperature (°C)
Sh
ee
t r
e
sis
ta
n
ce
 
(Ω
/s
qu
a
re
)
Ge4SbTe5
measured after
 24hrs
 deposition
Figure 6.15: Temperature dependence of sheet resistance of samples measured immediately
after deposition (open symbols) and one day after deposition (solid symbols). Fig.a− c displays
measurements for Ge2Sb2Te5, Ge4Sb1Te5 and Ag5.5In6.5Sb59Te29 films with thickness of 85 nm,
62 nm and 100 nm, respectively. (The different materials were heated using different heating
rates).
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respectively. This is evidence for a lower crystallization temperature for the top layer.
The onset of crystallization is accompanied by a small stress change but the major stress
change is observed after the reflectance change is almost complete. This implies that a
large fraction of the stress is only formed when different grains start to form a continuous
crystalline film.
The occurrence of an oxide layer in old Ag5.5In6.5Sb59Te29 samples is clearly deduced by
XRR measurements. This is in contrast to temperature dependent sheet resistance mea-
surements which show no effect of aging on the crystallization kinetics of Ag5.5In6.5Sb59Te29
films. It can therefore be concluded that the native oxide layer does not have any sig-
nificant influence on the crystallization process of Ag5.5In6.5Sb59Te29 while the opposite
is true for the Ge:Sb:Te films. To have a deeper understanding of the influence of the
capping layer on the crystallization process of Ag5.5In6.5Sb59Te29 films, intentional cap-
ping layers of ZnS-SiO2, Si3N4 and SiO2 were deposited on Ag5.5In6.5Sb59Te29 films and
the crystallization process studied using the temperature dependence of sheet resistance
measurements. This capping layers have been found to have a significant influence on the
crystallization of Ge:Sb:Te films [Ohsh96].
6.7.3 Influence of capping layers (ZnS-SiO2, Si3N4, SiO2 ) on
the crystallization process of Ag5.5In6.5Sb59Te29.
Fig. 6.17 compares the temperature dependence of sheet resistance curves upon annealing
a single-layer of 100 nm Ag5.5In6.5Sb59Te29 film and when the film is covered with a 5 nm
thick protective layer. Fig. 6.17 a and b were obtained using heating rates of 0.5 and 3.0
K/min, respectively. The capping layers are indicated inside the individual graphs. It is
observed that, as in earlier results, the heating rate only influences the phase transition
temperature. The rate of 3.0K/min has higher transition temperatures than that of the
0.5K/min. The transition temperatures for the samples with the protective layers are
only slightly higher than that of the single layer. The single layer curve and the curve of
the film coated with Si3N4 exhibit the abrupt sheet resistance change in a very narrow
temperature range while that exhibited by the curves of the films covered with ZnS-SiO2
and SiO2 is in a relatively larger temperature range. These results prove unequivocally
that the crystallization process of Ag5.5In6.5Sb59Te29 films is influenced not only by the
capping layer but also by the material of the capping layer used.
The crystallization process can be analyzed quantitatively based on change of sheet
resistance upon annealing at different rates. Fig. 6.18 a and b illustrate the temperature
dependence of sheet resistance measured at different heating rates upon annealing 100 nm
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Figure 6.16: Reflected intensity and stress change upon annealing measured from a 62 nm
Ge4Sb1Te5 thin film on a 150µm thick glass substrate sample measured one day after deposition.
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Figure 6.17: Temperature dependence of sheet resistance upon annealing single-layer of 100 nm
Ag5.5In6.5Sb59Te29 film and films covered with different protective layers having a thickness of
5nm. The different protective layers are indicated inside the individual graphs. Curves of figs.
a and b were obtained using a heating rate of 0.5 and 3.0K/min, respectively.
131 6.7 Influence of the capping layer on the kinetics of crystallization
100 120 140 160 180 200 220
102
103
104
105
106
b)
Temperature (°C)
Sh
e
e
t r
e
sis
ta
n
ce
 
(Ω
/s
qu
a
re
)
 dT/dt (K/min)
 0.51
 0.78
 1.60
 2.12
 2.8
 3.4
 4.8
100 120 140 160 180 200 220
102
103
104
105
106
a)
Sh
e
e
t r
e
sis
ta
n
ce
 
(Ω
/s
qu
a
re
)
  dT/dt (K/min)
 0.27
 0.51
 0.80
 1.10
 1.59
 2.17
 2.70
 3.42
Figure 6.18: Temperature dependence of the sheet resistance Rs for 100 nm Ag5.5In6.5Sb59Te29
films covered with 5nm of ZnS-SiO2 (fig.a) and Si3N4 (fig.b) measured with different heating
rates (dT/dt). The heating rates are shown in the insert.
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Figure 6.19: Kissinger plot from which the activation energy Ea of the amorphous to crystalline
transition at Tc is determined. (plots of single layer of 100 nm Ag5.5In6.5Sb59Te29 film (star)
and film covered with 5nm thick protective layers of ZnS-SiO2 (open circles) and Si3N4 (solid
squares) are presented. The lines show the linear fit.
thin films of Ag5.5In6.5Sb59Te29 capped with 5 nm ZnS-SiO2 and Si3N4 thin films, respec-
tively. Fig. 6.19 displays the corresponding Kissinger’s plots including the plot of a single
layer. Good linear relationship is obtained between ln{(dT/dt)/T 2c } and 1000/Tc. The
deduced activation energies for the samples capped with ZnS-SiO2 and Si3N4 are 2.39±
0.10 eV and 3.54±0.12 eV , respectively. Comparing these values to the value obtained
for a single layer which is 3.03± 0.17 eV , it can be concluded that ZnS-SiO2 and Si3N4
capping layers reduce and increase the activation energy respectively. Hence the value
of the activation energy of Ag5.5In6.5Sb59Te29 amorphous film depends on the protective
layer used. The results show that by capping the film with protective dielectric layers, the
activation energy for the crystallization and the nucleation processes are effected. Two
explanations have been proposed to describe the influence of protective layers on crys-
tallization. One explanation is based on the stresses induced on the phase change layer
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by the capping layer while the other explanation is based on chemical factors. Tominaga
et al. used an optical method to investigate the crystallization mechanisms of Ge2Sb2Te5
thin films sandwiched between SiN layers and observed double transition temperatures.
They suggested that the crystallization occurred at the interfaces and related the lower
transition to crystallization at the top interface and the higher transition to crystalliza-
tion at the bottom interface. They attributed the double transition to different stresses
on the two interfaces. By employing an argument put forward by Situ et al. [Situ89]
that tensile stress prevents or delays the crystallization which leads to higher transition
temperatures, they concluded that the top interface possesses a lower tensile stress while
the bottom has a stronger tensile stress. Our stress measurements revealed tensile stress
for the SiO2 (200 MPa) and compressive stress for ZnS-SiO2 (-250 MPa) and Si3N4 (-
400 MPa) films (these values of stress were determined from the substrate curvature
measured before and after film deposition by employing Stoney’s equation (see subsec-
tion 3.5 )). This implies that employing SiO2 as a capping layer induces compressive
stress to the Ag5.5In6.5Sb59Te29 layer which should lead to a lower crystallization tem-
perature while capping layers of ZnS-SiO2 and Si3N4 induce tensile stress which should
lead to higher crystallization temperatures. However our results shows that all the three
capping layers increased the crystallization temperature. In addition, the activation en-
ergy of Ag5.5In6.5Sb59Te29 amorphous films is reduced and increased when ZnS-SiO2 and
Si3N4 films are applied as protective layers, respectively (see above). Considering these
two type of protective layers posses the same type of stress, it can be concluded that the
activation energy is not linked to stress. Therefore, stress of these magnitude may not
play an important role in crystallization. This leaves the chemical factors as a plausible
explanation for these effects.
Ohshima et al. investigated the crystallization of Ge-Sb-Te films sandwiched between
various dielectric protective layers based on transmittance changes. They reported ob-
taining higher activation energies (2.6 eV ) for films with the protective layers compared to
2.2 eV for films without the protective layer. They attributed this to the surface reactivity
and chemical affinity of the film materials. This could also possibly explain the influence
of ZnS-SiO2, and Si3N4 on the crystallization of Ag5.5In6.5Sb59Te29. However, to justify
this reason more investigations using different types of dielectric materials are necessary.
They should include taking cross section TEM images of the interfaces and investigating
the influence of varying the thickness of the dielectric layers. This is expected to show
the role of the physical properties in the crystallization kinetics if any.
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6.8 Comparison: Ge2Sb2Te5 ⇐⇒ Ge4Sb1Te5 ⇐⇒
Ag5.5In6.5Sb59Te29
In the previous three chapters we have discussed the properties of the three phase change
materials studied in this work. In this section we compare the properties of these materi-
als in order to make conclusions about their suitability in optical phase change recording
applications. For easy comparison the properties are tabulated in table. 6.3. The state
of the as-deposited films for all the three materials is amorphous. Upon annealing both
Ge4Sb1Te5 and Ag5.5In6.5Sb59Te29 exhibit a single crystalline phase while Ge2Sb2Te5 shows
two crystalline states. The phase transitions temperatures were obtained to be 170◦C and
160 ◦C for the Ge4Sb1Te5 and Ag5.5In6.5Sb59Te29, respectively and 130◦ C and 280◦ C for
the first and the second transitions of the Ge2Sb2Te5 films respectively. XRD studies
revealed a NaCl structure for the crystalline Ge4Sb1Te5 films and the second crystalline
phase of Ge2Sb2Te5 films. The obtained lattice parameters for both materials are almost
the same. The crystalline films of Ag5.5In6.5Sb59Te29 and the second crystalline phase
of Ge2Sb2Te5 films exhibit hexagonal structures which interestingly also have almost the
same lattice parameters. Laser annealed Ge2Sb2Te5 films only shows the NaCl structure.
Formation of a highly symmetrical NaCl phase contributes to shortening of the atomic
diffusion length during crystallization since the atomic distribution in the cubic structure
closely resembles that of the isotropic amorphous state. In addition, as discussed earlier
materials which exhibit only single crystalline phase are preferred in PCO recording since
these materials exhibit fast transformations. This is because the time consuming diffusion
process associated with phase separation is avoided. Therefore by only considering the
requirement of materials exhibiting only a single crystalline state, all the three materi-
als possess this attractive feature which leads to high crystallization rates. Considering
the type of crystalline structures formed upon crystallization, the crystallization rates of
Ge2Sb2Te5 and Ge4Sb1Te5 should be higher than that of Ag5.5In6.5Sb59Te29 because the
NaCl structure closely resembles that of the isotropic amorphous state.
Comparing the density changes upon crystallization, the density change and the
corresponding thickness(volume) change are lower for Ag5.5In6.5Sb59Te29 than those of
Ge4Sb1Te5 and Ge2Sb2Te5. It can therefore be argued that, the stresses accompanying
the phase transformation for Ag5.5In6.5Sb59Te29 should be lowest when compared to those
of Ge4Sb1Te5 and Ge2Sb2Te5. This is confirmed by comparing the induced stress values
obtained for the three materials which are 205 MPa, 165 MPa and 105 Mpa for Ge4Sb1Te5,
Ge2Sb2Te5 and Ag5.5In6.5Sb59Te29, respectively. Hence Ag5.5In6.5Sb59Te29 has the lowest
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stress build up upon crystallization. This is therefore consistent with the obtained val-
ues of thickness and density changes for the three materials upon crystallization. As
a consequence, Ag5.5In6.5Sb59Te29 could allow a higher number of overwrite cycles than
Ge4Sb1Te5 and Ge2Sb2Te5 if mechanical stresses determine the cyclability. However, it
should be noted that the measured stress values show only a mere 9% of the mechan-
ical stress expected from the contractions determined by XRR and assuming an elastic
deformation.
The stability of the amorphous marks (bits) at room temperature can be deduced by
considering the crystallization temperature and the activation energy. We can therefore
conclude that discs made using any of the three different materials as the active layer would
have a long archival life. This is due the relatively high crystallization temperatures and
also the relatively high activation energies characterizing these materials. The activation
energies are higher than the average atomic energy at room temperature, (300 K), (EA 
kBT ≈ 0.025eV ).
In summary all the three materials exhibit good properties which can be optimized
for further development of phase change optical technology.
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Ge2Sb2Te5 Ge4Sb1Te5 Ag5.5In6.5Sb59Te29
Amorphous phase
Density (g/cm3) 5.87 5.59 6.26
Resistivity (Ωcm) 280 200 60
Crystalline phases-first transition
Transition 130◦C 170◦C 160◦C
temperature T1
Activation 2.23 eV 3.48 eV 3.03 eV
energy EA 2.39
∗, 3.54∗∗
Structure NaCl-structure NaCl-structure Hexagonal- Sb2Te-type
lattice Constants. a = 6.000− 6.016A˚ a = 5.969− 5.979A˚ a = 4.283, c = 16, 995A˚
Resistivity (Ωcm) 10−1 3× 10−3 10−3
Density (g/cm3) 6.27 5.59 6.59
Density increase 6.8 9.3 5.2
(ρ/ρamorphous%)
Volume decrease 6.5 9.1 5.5
(t/tamorphous%)
Induced stress (Mpa) 165 205 105
Crystalline phases-second transition
Transition 280◦C - -
temperature T2
Activation 3,64 eV - -
energy EA
Structure Hexagonal - -
lat. Const. a=4,223A˚, c=17,202A˚ - -
Resistivity (Ωcm) 10−3 - -
Density (g/cm3) 6.48 - -
Density increase 8.8 - -
(ρ/ρamorphous%)
Volume decrease 8.2 - -
(t/tamorphous%)
Table 6.3: Comparison of the material properties of Ge2Sb2Te5, Ge4Sb1Te5 and
Ag5.5In6.5Sb59Te29. ∗ and ∗∗ shows values obtained for a film capped with ZnS-SiO2 and Si3N4
respectively.
Chapter 7
Conclusion and suggestions of future
work
7.1 Conclusion
In this work we prepared and investigated the crystallization kinetics of amorphous DC-
sputter deposited Ge2Sb2Te5, Ge4Sb1Te5 and Ag5.5In6.5Sb59Te29 phase change films. By
comparing the properties of these materials, a lot of information was deduced which can
be used for further development of PCO recording materials. The results obtained suggest
that all the three materials exhibit some good qualities for application as recording layers
in PCO media. However some of the features of these materials need to be optimized for
production of high performance devices.
The direct current magnetron sputtering technique was employed for the film deposi-
tion. This technique is the method of choice for a wide range of coating applications due
to its numerous advantages over the other existing film deposition techniques. One of this
advantages is the reproducible deposition of uniform films. The films were sputtered from
targets with fixed stoichiometry with good reproducibility. The crystallization kinetics
were investigated by using temperature dependent sheet resistance measurements in con-
junction with structural investigations employing x-ray diffraction. X-ray reflectometry
was used to study the changes in the density and volume upon crystallization while the
induced stresses were measured employing the wafer curvature technique. In addition the
influence of protective layers on the crystallization kinetics was investigated for the case of
Ag5.5In6.5Sb59Te29 films. The studied protective layers in this work were ZnS-SiO2, Si3N4
and SiO2.
The as-deposited states of the three types of phase change films were amorphous. Upon
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annealing the amorphous phase transformed to a crystalline state. This was clearly evident
from temperature dependent sheet resistance measurements which showed an abrupt sheet
resistance change at the phase transformation temperatures. Ge2Sb2Te5 films exhibited
two phase transformations at 130◦C and 280◦C while Ge4Sb1Te5 and Ag5.5In6.5Sb59Te29
only showed one phase transformation at 170◦C and 160◦C, respectively. XRD revealed
that the first transformation for Ge2Sb2Te5 and the Ge4Sb1Te5 transformation corre-
sponds to a phase transition from the amorphous to the NaCl crystalline structure. Com-
paratively, the abrupt change in sheet resistance which corresponded to crystallization
was slower in Ge4Sb1Te5 than in Ge2Sb2Te5 and Ag5.5In6.5Sb59Te29. This concurred with
earlier results [Weid00] which showed a higher incubation and recrystallization time for
Ge4Sb1Te5 in comparison to Ge2Sb2Te5. The associated lattice parameters were between
a = 6.000 − 6.016A˚ and a = 5.969 − 5.979A˚ for Ge2Sb2Te5 and Ge4Sb1Te5 respectively.
The temperature dependence on the lattice parameters showed a slight decrease with
increasing annealing temperature for the Ge2Sb2Te5 films while no notable trend was
observed for Ge4Sb1Te5 films. The second transition of Ge2Sb2Te5 was determined to
be from the NaCl structure to the hexagonal structure while the observed transition for
Ag5.5In6.5Sb59Te29 was from amorphous to an hexagonal structure similar to that of Sb2Te.
The lattice parameters of the two hexagonal structures were very similar. The determined
lattice parameters were a = 4.283− 4.289, c = 16.995− 17.162 and a = 4.223, c = 17.202
for Ag5.5In6.5Sb59Te29 and Ge2Sb2Te5, respectively. A slight increase in the c value of
Ag5.5In6.5Sb59Te29 films upon annealing at higher temperatures was observed.
Crystallization is usually accompanied by a density change. The Ge2Sb2Te5 films
showed an average density value of 5.87±0.02 g/cm3 for the as-deposited films and films
annealed below 120◦C, which were all amorphous as revealed by XRD. Average density
values of 6.27±0.02 g/cm3 and 6.39±0.02 g/cm3 were measured for films annealed between
130-280 ◦C and above 280 ◦C, respectively. Hence, the phase transitions are accompanied
with density increases of 6.8% and 8.8% for the first and second transition respectively as
revealed by XRR measurements. The corresponding thickness reductions were 6.5±0.2%
and 8.2±0.2%, respectively. The as-deposited Ge4Sb1Te5 films have a density and a
resistivity of 5.59± 0.02 g/cm3 and 200 Ω cm, respectively. Upon crystallization these
values changed to 6.14 ± 0.02 g/cm3 and 3.1 × 10−3Ω cm, respectively. This density
change corresponded to a density increase of 9.3 % which caused a contraction of 9.1 % in
film thickness as revealed by XRR. Both density and thickness changes for the Ge4Sb1Te5
films were higher than those obtained for the Ge2Sb2Te5 films (amorphous to NaCl phase)
despite both materials having the same crystalline structure. This can be attributed to the
vacancies in the crystalline Ge2Sb2Te5 film which make the scale of atomic rearrangement
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relatively small, which might contribute to the high potential of Ge2Sb2Te5 as a recording
layer of optical disks.
The as-deposited Ag5.5In6.5Sb59Te29 films had a resistivity of ρ = 60 Ω cm and a
density of 6.26 ± 0.02 g/cm3. The density and resistivity of the crystalline state were
6.59 ± 0.02 g/cm3 and 10−3 Ω cm respectively. A thickness (volume) decrease of 5.5 ±
0.2% was calculated for the phase transition (amorphous-crystalline) which agreed quite
well with the density increase which was 5.2 ± 0.2%. The good agreement between the
density and the thickness change for all the three materials suggested that no material
was lost during the annealing process. The existence of only a single phase transition for
Ag5.5In6.5Sb59Te29 which is accompanied by smaller changes in both density and volume
could be argued to be an advantage over Ge2Sb2Te5 and Ge4Sb1Te5 for erasable/rewritable
compact disc applications. However, both Ge2Sb2Te5 (laser annealed ) and Ge4Sb1Te5
exhibit a NaCl structure which contributes to a shortening of the atomic diffusion during
crystallization since the atomic distribution in a cubic structure closely resembles that of
the amorphous state. This feature makes these materials very attractive due to the fast
and reversible transition between the amorphous phase and NaCl crystalline phase.
The values obtained for the change in density and the corresponding thickness change
for the three materials imply that the phase transitions from amorphous to the crystalline
phase should be accompanied by high mechanical stresses. Large stresses might reduce
the number of write/erase cycles when these films are applied as active layers in optical
discs. However the measured mechanical stress induced during the phase-change process
was a mere 9 % of the expected value assuming a purely elastic deformation [Pede01].
It can therefore be concluded that a lot of stress in the phase change film is relieved by
plastic flow in the amorphous phase.
The activation energies for crystallization were determined by applying Kissinger’s
analysis method. The obtained values of the activation energies were 2.23±0.07, 3.48±0.12
and 3.03 ± 0.17 eV for Ge2Sb2Te5 Ge4Sb1Te5 and Ag5.5In6.5Sb59Te29, respectively. The
capping layers were found to influence the crystallization kinetics and this was seen in the
change in activation energy of the Ag5.5In6.5Sb59Te29 films when capped with ZnS-SiO2
and Si3N4. The determined activation energies were 2.39± 0.10 eV and 3.54±0.12 eV
for films capped with ZnS-SiO2 and Si3N4, respectively. The influence was attributed to
chemical factors (reactivity and chemical affinity) but more investigations are necessary
to completely rule out the effects of the physical factors (morphology and stress).
The activation energy values suggest that all the three phase change materials are
thermally stable at room temperature. Thus, long archival life is expected for phase
change optical devices employing these films as the active layers. Using the temperature
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dependent sheet resistance measurements, it was possible to detect the aging effect of
our films. It was found that the Ag5.5In6.5Sb59Te29 films were more resistant to oxidation
than the Ge2Sb2Te5 and the Ge4Sb1Te5 films. One day old samples of Ge2Sb2Te5 and
Ge4Sb1Te5 showed not only a lower transition temperature but also a double transition.
This is attributed to film oxidation. The thickness of the oxide layer was determined to
be between 2-3 nm thick by XRR.
In summary we have shown that x-ray diffraction, x-ray reflectometry, mechanical
stress measurements and temperature dependent electrical measurements provide crucial
information on the crystallization mechanism of phase change layers and the possible
material limitations. The first three methods are both non-contact and non-destructive
methods. These methods are expected to play a major role in material research for further
advancement of the phase change technology. This technology promises a multi-billion
dollar market potential in the data storage industry world-wide mainly due to its potential
for greater recording density and high rates of data transfer. This will be attained through
new material research, disc structure design and response to short wavelength.
7.2 Suggestions of future work
The three phase change materials investigated in this work showed different values of ac-
tivation energies of crystallization, crystallization temperatures, density changes and also
build up of stress upon crystallization. The determined activation energies accounted
for both nucleation and growth processes. A better understanding of the crystallization
kinetics involves de-coupling the contributions of the two process. This prescribes a new
approach towards the establishment of measurement parameters that resolve the contri-
butions of the two processes. We believe that temperature dependent viscosity measure-
ments offer a suitable pathway towards the determination of the individual contributions.
These type of measurements can be employed to determine the activation energy for the
growth process. Having determined the activation energies for crystallization and growth
processes, then the activation energy of the nucleation process can be deduced. This will
be crucial in determining the dominant kinetic process for different materials.
The results of this work are for films sputtered from targets with fixed stoichiometry.
Fixed stoichiometry materials set an inevitable upper limit on the possible investigations
to be done on properties. To be able to fully develop phase change materials with op-
timal requirements one should fully exploit the stoichiometric phase space. However,
this can only be fruitful if an efficient criterion for evaluating and developing appropri-
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ate stoichiometric composition exists. A correlation between crystallization kinetics and
stoichiometric composition could provide suitable information towards the development
of new phase change media. A simple theoretical approach formulated by Gaspard et al
can predict the structure of chalcogenide alloys by only employing the average number of
the p-electrons in the valence shell of the constituent elements. What is required now is a
model which shows how the activation energy scales with stoichiometry. In addition the
model should also show how the crystallization temperature varies with the stoichiometry.
We believe that a combination of such a theory and the theory of structural determination
formulated by Gaspard et al will be very useful in the search of materials with superior
properties in regard to phase change applications.
Furthermore, it has been widely acknowledged that the protective layers enhance the
nucleation rate and cyclability. What is not comprehensively understood are the factors
behind these enhancements. Some researchers attribute this to physical properties while
others attribute it to chemical properties. It is therefore necessary to distinguish between
the influence of these two types of properties on the crystallization kinetics. This is
crucial in the selection of the protective layer to be used for optimal crystallization rates.
Additional suggestions for future work point to the limitation of the number of overwrite
cycles due to the built up stress upon crystallization. Investigations of build up stresses
for different phase change materials (with different overwrite cycles) are required to prove
whether a correlation exists between the stress build up upon crystallization and the
number of overwrite cycles.
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